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A UNIFIED THERWt AND VERTICAL TRAJECTORY 

MODEL FOR THE PREDICTION OF HIGH ALTITUDE 

BALLOON PERFORM4NCE 

Leland  A. Carlsen 

Wglter 3. Horn 

A new computer model f o r  the prediction o f  the t ra jectory and 

thermal behavior o f  zero-pressure high a l t i t u d e  balloon has been 

developed. In accord w i t h  f l i g h t  da ta ,  the model petmi t s  radiative 

mission and absorption of the  l i f t ing gas  and daytime gas temp- 

eratures above t h a t  o f  the balloon film. I t  a l s o  includes b a l l a s t i n g ,  

venting, and va lv ing .  Predict ions obtained w i t h  the model are compared 

w i t h  f l igh t  d a t a  from several f l  i g f i t s  and newly discovered features 

are  discussed. 
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NOMENCLATURE 

A - Cross sectional area o f  balloon 

f - Specific heat o f  the balloon f i lm 

C 
P9 

- Spec i f i c  heat o f  the balloon gas 

D - Coefficient o f  drag 

CHfa - Convective heat t r ans fe r  coi i f  i c i e n t  between the  ball oon 
f i lm and a i r  

CH - Convective heat t r ans fe r  coeff ic ient  between the balloon 
gf f i lm and gas 

D - Drag 

$4 
- Balloon gas voS me flow rate  f o r  expel l i n g  gas when the 

maximum balloon vol me i s  exceeded 

iv - Balloon gas mass f l o w  r a t e  during control led valving operations 

9 - Accelerstion due t o  gravity 

G - Solar  constant 

Gr - Grashof number 

k - Thermal conductivity 

L - Characteris t i c  I ength = 4/3  for  spheres 

In f - Mass of balloon film 

m 
9 

- Mass of bal loon gas 

" tota I - Total nlass o f  bal loon system 

Ma *- Molecular weight of a i r  

Mg 
- ib lecu la r  weight of t h e  balloon gas 

M ~ 2 ~  - Mass of trapped w a t e r  vapor 

Nu - Nussel t  number 

"a1 
- Ambient a i r  pressure a t  the base of a layer  i n  an atmosphere 

model 



NOMENCLATURE (continued) 

g 
- Pres su re  o f  the bal loon gas 

P H ~ O  - Water pa r t i a l  pressure 

P r  - P r a ~ d t l  number o f  a i r  
a 

0 

f - Net heat f l u x  t o  bal loon film 

{s 
- Net heat f l u x  t o  t he  balloon gas 

r~ - R e f l e c t i v i t y  o f  t h e  balloon f i l m  in the i n f r a r e d  spectrurn 

r e - '  Ear th  r e f l e c t i v i t y  (a1  bedo) 

r ~ ,  sol - R e f l e c t i v i t y  o f  the bal loon f i l m  t o  s o l a r  r ad i a t i on  

R - Universal gas cons t an t  
- 
R - Radius of an equ iva l en t  volume sphere 

 re^ - ReynoldJ s number 

S - Balloon sur face  a r ea  = 4.835976 V 2/ 3 
g 

t - Time 

'a - Ambient a i r  teifiperature 

Tal - Ambient a i r  temperature a t  the base of  a layer i n  an atmosphere model 

T~~ 
- Black b a l l  tenlperature 

Tf - Balloon f i lm  temperature  

T 
9 

- Ball oon gas temperature  

V - Ball  oon vnl ume 

z - Balloon altitude 

a 
9 

- Absorp t iv i ty  o f  the bal loon gas t o  s o l a r  r a d i a t i o n  

a - E f f e c t i v e  solar  a b s o r p t i v i t y  o f  the ba l loon  gas 
9 e f f  

tx 
W 

- A b ~ o r p t i v i t y  o f  the  bal loon filni in  the i n f r a r e d  spectr~m 

a w,eff- E f f e c t i v e  s o l a r  a b s o r p t i v i t y  of t h e  balloon film 



NOMENCLATURE (can t i  nued) 

a 
w,sol - Absorp t i v i t y  o f  the ba l loon f i l m  i n  t he  so la r  spectrum 

E 
9 

- Emiss iv i ty  o f  the ba l loon gas i n  t h e  i n f r a r e d  spectrum 

E - E f f e c t i v e  in f ra red emissivity o f  t h e  ba l loon gas 
Sef f 

E i n t  - E f f e c t i v e  interchange in f ra red  emiss i v i t y  

w - Emiss iv i ty  o f  the ba l loon f i l m  i n  t h e  i n f r a r e d  spectrum 

E - E f fec t i ve  i n f r a r e d  emiss i v i t y  o f  the  ba l loon f i l m  
wef f 

1-1, - V iscos i ty  o f  the ambient a i r  

Pa - A i r  densi ty  

P ~ 2 ~  - Water density 

u - Stefan-Bol tzman constant 

Tw - Transmissiv i ty  of t h e  bal loon f i l m  i n  t h e  i n f r a red  spectrum 

Tw,sol - T r i  .?srnissivity of the bal loon f i l m  t o  solar r a d i a t i o n  



I ,  INTRODUCTION 

For the past several years, the balloon user community has expressed 

considerabl e interest  in the devel opmnt o f  more re1 iabl e , heavier pay1 oad , 
and 1 onger duration high a1 t i  tude ball oon systems. However, the successful 

design and operation of such systems requires an accurate knowledge and under- 

standing not only o f  balloon gas and wall thermal variations but a l s o  o f  

trajectory behavior. For example, the  balloon lirFting gas temperature i s  the 

primary factor control 1 ing the ba11oon trajectory, the ball oon l i f t ,  and the 

amount o f  l i f t i ng  gas a t  f l oa t  conditions. In  t u r n ,  the coupling between 

ascent/descent rates and gas temperature strongly affects the ball oon film 

temperature and, hence, i t s  material properties. I f  the ascent velocity i s  

i;oo high, the film itlay cool below t he  cold -brittf e point (about -80' for pol y- 

ethylene) and experience catastrophic behavior. On the other hand, if the 

balloon expels t o o  much gas during the daytime due to  high gas temperatures 

or ballasting, i t  may experience an uncontrollable descent a t  sunset due to  gas 

cooling. Obviously, an accurate understanding of these phenomena and a means 

of predicting them i s  essential fo r  optimum f7 i g h t  control. 

Consequent7 y , d u r i n g  the p a s t  eighteen months, researchers a t  Texas 

A&M University (TAW) have been engaged in the development of an up-to-date 

analytical and computer model suitable for obtaining engineering predictions 

o f  the trajectory and thermal performance o f  high a l  ti tude ball oons. Th is  report 

will review these efforts,  present a new thermal and trajectory model, discuss 

typical  results, and indicate those areas requiring further investigatfon. 

The associated computer program and instructions f o r  i t s  Gse are contained 

i n  Reference ( I ) ,  



I I .  - PREVIOUS STUDIES 

Probably the f i r s t  studies o f  ball oon thermal b e h a v i o r  and i t s  e f f e c t  

on f7 ight performance were conducted by the University o f  Minnesota as 

p a r t  o f  the High A1 t i tude Balloon Project in the 1950's. The results o f  

t h i s  e f for t  were primarily empirical and mainly concerned descent rates a t  

sunset. In fact,  after  examining the governing equations, the study 

stated : 2 

"Neither the functional form nor the values o f  the 
parameters are known we1 1 enough t o  make. . , . . . re1 iable predictions o f  the behavior of an 
actual ball oon, " 

This statement, however, d i d  n o t  deter investigators; and i n  1965 ~ e n e l e s '  

presented the f i r s t  computer model based upon so lu t ion  of the  governing 

differential  equations . Unfortunately, his preddct ions frequently d i d  not 

agrEe w i t h  f l i g h t  data; and his mode7 contained significant errors i n  i t s  

formulation. 4 

Subsequently, several developed prediction methods 

based  upon f l igh t  data and empirical curve f i t s .  While these techniques 

are useful for performance estimates, t hey  are  f requent ly  i n  error and are not 

based upon the fundamenta7 physi ca1 phenomena governing t he  probl em. 

Now by far the most significant work t o  d a t e  associated w i t h  the 

prediction o f  the performance of high al t i tude balloons i s  t h a t  of K r e i t h  

and ~ i r e i d e r . ~ ' ~  In a ser ies  o f  outstanding papers, they thoroughly discussed 

a1 1 pertinent phenomena, summarized exi s t ing  know1 edge, and developed an 

excellent mode7 and computer program. Without a doubt ,  Ref. 4 was a 

benchmark ef for t ;  and t h u s ,  i t  has  served as a s tar t ing p o i n t  fo r  a l l  

subsequent investigations. 



In the i r  model, K r e i t h  and Kreider included the effects of direct  and 

ref1 ected solar radiation, earth and atmospheric infrared radiation, convec- 

tion and radiative emission. They a7 so considered adiabatic heating and 

cool ing, gas expul sion, val v i n g ,  ballasting, and sunrise and sunset, In 

many cases, the resultant predictions agreed well w i t h  f l i gh t  da t a .  

In addition, based upon the radiative properties o f  he1 ium,  the Kreith- 

Kreider model assumed tha t  the l i f t i n g  gas was completely transparent to a l l  

radiation. Consequently, under f loa t  conditions, t he  only mechanism heating 

or cooling the gas i s  convection between the gas and the film, which i s  

proportional t o  the temperature difference (Tf  - T g )  Thus, the equil ibriurn 

gas temperature is equal t o  that  of the film. 

Sirnu1 taneousl y with these analytical d e w 1  opments: several investigations 

were conducted to  measure 1 i f t ing gas and balloon fi lm temperatures in f l i gh t .  

The f i r s t  of these were a serSes of f l igh ts  by Lucas and Ha1 4 8-10 using 

7080m3 balloons which floated a t  24 to  26 krn and measured f i l a  and gas 

temperatures during ascent, f7 oat,  and through sunrise and sunset. Sub- 

sequently, in 1975 and 1976, the National Scient i f ic  Ball aon Facil i t y  (NsBF) 

conducted a series o f  engineering tes t  f l igh ts  carefully designed t o  measure 

gas and film temperatures on larger balloons a t  higher  alt i tudes.  The 

equi'iibrium f loa t  temperatures measured on these f l igh t s  are shown on 

Table I ,  and the resul ts  were quite surprising. 

Specifically , while the night values supported the thermal model 

assumption t h a t  equilibrium wall and gas temperatures should ,ha t h e  same, 

t h e  daytime measurements consistently showed a significant difference with 

the l i f t i n g  gas being warmer, In addition, since this phenomena only 

existed during dayl ight  and, based upon the resul ts  o f  the RAD T I  and RAD 111 

f l  ights, was sensitive t o  the amount of a1 bedo r ad ia t ion ,  i t  appeared that  the 



FLIGHT DAY NIGHT 
Al t i tude  Gas F i l m  A1 t i t u d e  Gas Fi lm 
(km) ("C) ("C3 (km) ("C) ( O C )  

Boom V Superpressure 29.3 -30 -40 29.3 -59 -59 
and blyl a r  

Boom VII 

RAIl I Zero Pressure 33.5 -16.8 -- 33.5 -47.4 -- 
Polyeth lene 
55634 m 3 

RAll 111 Zero Pressure 29.7 -22 -37.5 29.0 -47 -47 
Po7 yethyl ene 
14160 n13 

Lucas-Hal 1 Zero Pressure 24.4 -32 -39 
Polyethylene 
7080 I$ 

RAD II* Zero Pressure 29.7 -10 -36.5 25.9 -71 -71 
Polyeth lene 
14160 m 3 

Table I - Equi 1 i brim Float  Temperatures From Fl i g h t  Measurements 

* Overcast Skies; a l l  other clear skies. 



gas temperature enhancement was primarily due t o  solar  radiation. 

However, since he1 ium i s  undoubtedly transparent t o  sol a r  r a d i a t i o n  

a t  the temperatures present i n  a baf loon gas, this  phenomena i s  dlfficul t 

t o  explain, One possjbil i ty 1s t h a t  during daylight, due t o  uneven heating 

the bal'loon film develops hot spots which thtlough convection leads t o  a gas 

convection- cell and a 1 i f t ing  gas supertemperature, Unfortunately, careful 

examination of the f l i g h t  data d i d  n o t  reveal any film temperatures near or 

above the measured gas values; and thus,  t h i s  explanation does n o t  seem 1 ikely. 

In a d d i t f  on, predictions obtained with t h e  Kreith-Kreider computer code con- 

s is tent ly  predicted f loa t  temperatures about 30°C below the measured gas 

values and about 5°C below the measured fi lm values, indicating that  i n  

real i ty  the gas was actually warming the film, Obviously, the gas was some- 

how being heated by solar radiation; and the existing transparent gas 

thermal model s were inadequate. 

Consequently, car1 son1' devel oped a new thermal model , based upon 

engineering radiation concepts, which permitted the1 i f t ing  gas t o  emit and 

absorb radiation in both the solar and IR spectra. Unfortunately, due to  the  

lack o f  accurate film radiative property d a t a ,  he was for-~pd t o  simplify the 

model, t o  1 imit i t  t o  f l o a t  conditions only, and t o  e s t i m a t e  film properties 

from f l  ight da t a .  Results obtained with th is  simp1 ifAied model yielded 

excellent daytime values b u t  consistently predicted n igh t  temperatures below 

those actual1 y encountericd i n  f 1 igh t .  Nevertheless, Carl son did develop a new 

complete thema? model cornpat(b7e with f l i gh t  experience which could be i n -  

corporated i n t o  a time dependent thermal and trajectory analysis method. 

A t  about the same time, as p a r t  o f  the Heavy Load Balloon fa i lure  i n -  

vestigation12, interest  was revived i n  predicting the trajectory performance 

of high al t i tude balloons. In i t ia l  attempts using the Kreith-Kreider code 



yiel A d  discouraging results.  Typically, when compared to  actual fl ights , 

they ;i9edi cted higher ascent rates below the tropopause and slower 

ve loc i t ies  above it. In addition, from f l i g h t  thermal data i t  was known t ha t  

Krei th-KreSder theoretical ly predicted incorrect f l  oa t  temperatures ; and, 

i n  practice, i t  was cumbersome t o  use and d i f f i cu l t  t o  modify. 

Consequently, i t  was decided *to develop a new trajectory and thermal analys1.s 

code incorporating the thermal model of Carl son which would, from an engineering 

standpcint, be sufficiently accurate for  f1 i g h t  prediction or ana lys is .  In 

addition, i t  was decided t o  make the code user oriented and structured i n  a 

manner which would easily permit changes as new k,nowledge became avai lable .  

Finally, i t  was decided t o  1 imit t h i s  i n i t i a l  code to  zero pressure ba l l ons .  

The remaindet- o f  t h f  s repoit will discuss t h i s  new model in detail and  

present resul ts  obtained with it. 

111. THERM4L AND TRAJECTORY MODEL 

A .  Governing Equations 

If i t  i s  assumed that  the balloon trajectory problem can be treated two- 

dimensionally, ( i  .e .  independent .variables al t i tude,  z, and time, t ) ,  and 

that the film temperature, Tf, and gas temperature, T are spat ia l ly  
g ' 

averaged values, then the governing differential  equations are as foll  ows: 

Vertical Force Balance on the Sa17 non-- - 

(mass + virtual mass) acceleration = L i f t  - Drag 

Heat Balance for the Balloon F i l m  - 
dTf 0 

mfCf at = 9f  

Heat Balance f o r  the  L i f t i n g  Gas - 



Nass Balance for the L i f t i n g  Gas - 

Where 

Volume = V = m RT 
-93. 

Total Mass = mtptal = rn + . m f + m  
9 P 

Cross Sectional Area = A = n r2 
Surface Area = S = 4 n ~ *  

= Radius o f  Equi ualent Volume Sphere 

I t  should be noted t h a t  Eqs. (1-8) are  equivaf ent t o  those used by previous 

invest igators4,  a1 though the form o f  Eq. (3)  i s  d i f f e r e n t  due t o  the use of 

the spec i f i c  heat,  C instead o f  C 
?!I' vg* 

The forms f o r  qf and are, however, different due t o  the f ncorporation 
g 

o f  t he  new thermal made1 which permits gas emission and absorption, Fol lowing 

log ic  similar to t h a t  used i n  Ref. (11) and the engineering approach, as  

opposed t o  spectral ,  f o r  r a d i a t i v e  heat transfer13, { f  and Gg can be 

4 4 4, = tGckeyp(l/4+l/2r,) + tint a (Tg - Tf 1 
Net f l u x  solar + Albedo 1R interchange between 
t o  f i l m  gas and film 

cnnvection between convection between 
gas & f i l m  air  & film 

f i lm IR ea r t h - a i  r IR 
enlissian input  



and 

Solar + A1 bedo IR interchange between 
gas and f i l m  

convection between Gas I R  
gas and film emi ssf on 

*"geff o T a ~  4 ~ s  
Earth-air IR 
input 

Since balloon film i s  semi-transparent, any r a d i a t i o n  t o  or from the balloon 

film will be partially transmai tted, and then partially transmitted o f f  t he  

opposite wal i an i n f i n i t e  number of t i m e s .  Thus, in Eqs. (9 )  and (10) %,ff 

E i n t '  'weff' ngefft 'CJEI+ 
are e f f e c t i v e  coefficients which take into account 

this  ml tiple pass phenomena. Based upon Ref. (ll),  these quantities are 

defined in terms of the  actual gas and wall radiative properties as 

a w e f f  



If i t  were assumed t h a t  t he  lifting gas i s  t ransparent  and does not  emi t  o r  

absorb (i .em a = E = 0), Eqs, (11-15) reduce t o  the m u l t i p l e  pass  e f f e c t i v e  
9 9 

coef f i c ien ts ,  

which correspond t o  those used i n  Ref. (4). 

With proper input,  i n i t i a l  values, and d e f i n i t i o n s ,  Eqs. (1-17) form 

dz a we l l  posed i n i t i a l  value problem f o r  z, m¶ Tfp  Tg, %, and volume. 

0.  Gas R a d i a t i v e  Proper t ies  

Since the present mode7 permits the  gas t o  r a d i a t i v e l y  emi t  and absorb, 

estimates f o r  a and E must be made. A t  t h i s  point ,  i t  should be noted 
g g 

tha t  i n  engineering the phrases absorpt ion c o e f f i c i e n t ,  abso rp t i v i t y ,  and 

the  symbol a r e f e r  t o  r a d i a t i v e  properties associated w i t h  the so la r  spectrum; 

whi le,  on the o ther  hand ,  emission c o e f f i c i e n t ,  em iss i v i t y ,  and E r e f e r  t o  

the i n f r a r e d  spectra l  region. This d i s t i n c t i o n  o f  terllis was adopted f o r  this 

i nves t i ga t i on  a1 so. 

Now be fo re  n and E can be estimated, an explanat ion f o r  the l i f t i n g  
9 4 

gas r a d i a t i v e  behavior needs t o  be postulated. An examination o f  helium 

revea ls  tha t  i t  does contain several spec t ra l  l i n e s  i n  t h e  s o l a r  spectrum. 
14 

However, these t r a n s i t i o n s  are a1 1 between exc i ted  states; and a t  t he  temp- 

eratures present  i n  bal loons, the number o f  atoms i n  these s ta tes  would be 

neg l i g ib le .  Consequently, i t  i s  h ighly u n l i k e l y  t h a t  helium would d i r e c t l y  

3bsorb sol ar energy. 



Annthzr p o s s i b i l J t y  i s  t h a t  the l j f t i n g  gas conta ins  a small amount of 

some contaminant which i s  in t ense ly  absorbing i n  t h e  s o l a r  spectrum. This  

absorpt ion would increase  the energy a?. I hence t h e  temperature of  t h e  con- 

taminant,  and i t  would subsequent ly  be r ap id ly  t r a n s f e r r e d  t o  the he7 ium v i a  

p a r t i c l e - p a r t i c l e  c o l l  i s i o n s .  

One poss ib i l  i t y  f o r  t h i s  contaminant i s  water vapor, whose presence 

i n  even t r a c e  amounts i s  we17 known t o  d r a s t i c a l l y  a f f e c t  s p e c t r a l  measure- 

ments based on r a d i a t i v e  processes. I n t e r e s t i n g l y ,  water vapor has i n  the 

s o l a r  spectrum intensely absorbing bands a t  4,13~.75, 0.78, 0.05, 0.95, 1.15, 

1.4,  and 1.9 microns; and based on re -en t ry  r a d i a t i v e  gas dynamics, such bands 

can s i g n i f i c a n t l y  a f f e c t  t h e  ove ra l l  r a d i a t i o n  p rope r t i e s  of  the gas, even if  

they a r e  narrou.15 Consequently, i f  water  vapor is p re sen t  i n  the l i f t i n g  gas 

i n  a t r a c e  amount, i t  could be t h e  o r i g i n  o f  the observed gas temperature 

enhancement, 

One poss ib l e  source of water vapor i n  bal loons i s  i n  the a i r  trapped 

in s ide  i t  during manufacturing and packaging, If i t  i s  assumed t ha t  a 

balloon i s  assenbled at 80% r e l a t i v e  humidity,  and 25"C, and packed w i t h  a 

0.15875 cm l a y e r  o f  a i r  t rapped i n s i d e ,  then the amount of water  contained i n  

t h e  ba l l  oon would range from 200 grn for a small ba1 loon t o  2300 gm for a 

large one. A t  a f l o a t  a l t i t u d e  o f  32 km and a gas temperature o f  about 

2 -15'C, the p a r t i a l  pressure o f  t h i s  water would range from 2 t o  4 dynes/cm . 
Since a t  these cor,di t ions, the maximum vapor pressure  o f  water  vapor over i c e  i s  

about 1650 dynes/cmZ, a l l  of  the water would be i n  vapor f o r m  and a v a i l a b l e  

f o r  r ad i a tqve  absorpt ion.  

A t  t h i s  po in t ,  i t  s h o u l d  be pointed out t h a t  t h i s  water vapor explanat ion 

may be t o t a l l y  incor rec t ;  and i t s  v e r i f i c a t i o n  depends upon future research. 

Nevertheless ,  as subsequently shown i n  t h i s  sec t ion  and i n  the discussion o f  



typ ica l  r e s u l t s  later  i n  t h i s  report, exact knowledge o f  the contaminant i s  

no t  requ i red. 

Now fo r tuna te l y ,  the rad ia t i ve  proper t ies  o f  water vapor i n  the i n f r a r e d  

are  well known and documented; l3 and i n  general, the emissivity o f  such 

vapor can be expressed as 

where pH i s  the water partlal pressure and L i s  a c h a r a c t e r i s t i c  l e n g t h  equal 
2 

t o  4/3 R for spheres. If R i s  the f l o a t  radius and t i s  the thickness o f  the 

t r apped  l aye r  during packaging, then the mass o f  trapped water 3 s  

where p i s  t h e  water density a t  manufacture. Then a t  f l o a t  the  vapor 
H2°m 

p a r t i a l  pressure i s  

and 

For 80% relative humidity, 25"C, and 0.15875 cm i n i t i a l  condi t ions,  t h i s  

equat ion simply becomes 

where pH L is i n  f t - a t m  and T i s  i n  O K .  A correlation o f  the da ta  i n  
2 9 

Ref. (13) a t  condit ions covering those encountered by a h igh a1 t i t u d e  k?lloon 

yiel  ds 



Thus, by combining Eqs, (22) and (23), an equation sui table  for estimating 

the gas emi s s i v i  ty can be found, i .e, 

E = 0.169 (1.746 x low6 T ~ ) * ~ ~ ~ ~  
9 

where T i s  in OK. 
g 

Based upon experimental data, f loa t  gas  temperatures can range from 

233°K t o  2 7 3 O K ,  which yields E values from 0.00029 t o  0.00033. These values 
9 

o f  emissivity are very small, and the i r  e f f e c t  on balloon thermal behavior will 

be almost negligible. Furthermore, since the range o f  E i s  very small over 
g 

the entire range o f  balloon f loa t  gas temperatures, the value for  T need 
9 

only be approximated Eq.(24) i n  order t o  obtain an  accurate estimate o f  E 
g ' 

Unfortunately, the absorptivity radiative properties of water are not 

documented i n  engineering form since radiative properties o f  water are not  

encountered i n  normal heat transfer problems. However can be estimated 

by using the equil ib r ium f l  oat program, THERMNEW, 11?16 and finding t h e  absorp- 

t i v i  t y  necessary to  reproduce experimental f l  i g h t  gas temperatures. This  pro- 

cedure was applied t o  a variety o f  balloons and the required a was consistently 
9 

found t o  be i n  t h e  range 

Note that since this  procedure i s  based upon experimental data, t h e  resultant 

a values are independent of the actual contaminant. 
9 

Now t h e  results expressed i n  Eq. (25) have several interesting features. 

Firs t ,  the value o f  n i s  essentially constant and apparen t ly  only a weak function 
9 

o f  gas temperature and s i r e ,  which i s  i n  agreement w i t h  the trend given for  

emis~ivity by Eq.  (24). Second, the required value2 for a are an order o f  
9 

magnitude larger  than those f ~ r  E However, experience15 with re-entry 
g - 

radiative transfer indicates t ha t  spectral regions dominated by l ine 

absorption frequently have absorption coefficients orders o f  rnagni tude 1 arger 

than other regions. Thus,  t h i s  result appears logical ,  



Based upon the approach used f o r  emiss iv i ty ,  a might have a func t iona l  
9 

form o f  

Corre lat ions w i t h  t h i s  form were t r i e d  i n  several tes ts ,  b u t  i n  general the  

thermal r e s u l t s  d i f fered from those us ing  a constant o: by only about 1°K. 
9 

Consequently, based upon these studies and the  small v a r i a t i o n  expressed i n  

Eq. (25), i t  i s  bel ieved t h a t  good r e s u l t s  can be obtained using a constant 

value f o r  a 
g ' 

C. F i l m  Radiat ive Proper t ies  

As shown by many one o f  the primary fac to rs  

a f fec t ing  ba l loon t r a j e c t o r y  and thermal performance i s  the  r a d i a t i v e  

propert ies o f  the ba l loon f i l m ,  i .e. a b s o r p t i v i t y / e m i s s i t ~ i  ty, t ransmiss iv i  ty, 

and r e f l e c t i v i t y  i n  both the  I R  and so la r .  Unfortunate1 y , previous estimates 11 

of these q u a n t i t i e s  have var ied  so w ide ly  t h a t  t h e i r  app l i ca t i on  t o  performance 

analyses has been e s s e n t i a l l y  worthless. Since 1975, however, several 

attempts 17-19 have been made t o  accurate ly  lmasure these proper t ies  i n  the 

laboratory;  and same t y p i c a l  r e s u l t s  a re  shown on Table 11. 

Examination of these data i nd i ca te  that  t he  LRC (1975) and LRC (1980) 

measurements are i n  r e l a t i v e l y  good agreement. However, the  LRC and JSC(1975) 

resu l t s  disagree s i g n i f i c a n t l y ,  p a r t i c u l a r l y  wi th respec t  t o  a',,,, sol and E ~ .  Sub- 

sequent d iscussion w i th  the  manufacturer o f  the equipment used i n  the t e s t s  

indicates t h a t  3SC probably used an i n c o r r e c t  value f o r  the equipment backing 

r e f l e c t . i v i t y  used i n  reducing the d a t a  and i n c o r r e c t l y  matched wavelengths. 

Consequently, the JSC measurements were re-reduced using co r rec t  backing 

values and wavelength regions; and the  r e s u l t s  are shown on Table I1 as JSC 

(Mcd). As can be seen, these modi f ied values agree q u i t e  wel l  i n  the so la r  



MATE R I A l  SOURCE SOLAR 
CC 

T ~ , ~ O 1  r d , ~ ~ l  w,sol r 
W 

S t r a t o f l ' f m  JSC ( 1975) ,87 -090 .040 .854 
3 mil 

JSC ( M O ~  .88 .I20 ,000 

LRC ( 1980) .886 ,112 ,0016 .,a52 

Polyethylene tRC(1975) .89 .10 .O1 .86 
6 mil 

Stratofilm JSC ( 1975) .87 .084 .046 ,831 
1 m i l  

JSC (Mod) -88 .I14 ,006 .831 

LRC (1980) ,885 .I14 .Oi l1  ,842 

Table I1 - Measured F i l m  Rad ia t ive  Properties 



region with the LRC (1980) results.  Since these da t a  sets  were obtained w i t h  

different techniques and equipment, i t  i s  be1 ieved that  the resultant 

LRC (1980) solar  values are  excellent and a s  good as can be obtained with 

present equipment and techniques. 

In the IR spectra, unfortunately, the JSC (Mod) and LRC (1980) s t i l l  

disagree with respect t o  measured ref1 ect ivi ty  , (The emi s s i  v i  ty , E, i s 

not direct ly  measured but  ded~ced from measurements o f  T and R . )  Examina- 

tion of the JSC t e s t  and instrument calibration data on opaque samples pro- 

vided with the film resul ts  has revealed, however, that  the JSC IR sb~eflectivity 

are always way below accepted values. Thus, i t  i s  be1 ieved that  the JSC 

emissivity and ref lect ivi ty  values i n  the infrared are i n  error.  

Consequently, in the present investigation, the  fol1 owing values have 

been used fo r  the radiative properties of balloon f i l m :  

01 w,s01 = 0.001 rw,sol = 0.114 T ~ , ~ ~ ~  = 0.885 

€W 
= 0.031 r = 0.127 

W 
T = 0.842 

W 

As will be seen, the usage of these values consistently leads t o  excellent 

temperature predictions . 
Finally, based upon these measurements, i t  s h o u l d  be noted tha t  the 

solar absorptivity of bal loon film i s  extremely small. As a consequence, 

solar heating, either d i rec t ly  or via the  albedo effect ,  will only sl-ightly 

affect the  film temperature; and, thus, i t  i s  unl ike7y that the daytime gas 

superheat i s  due to  uneven solar heating o f  t he  balloon film. ln other 

words, since the day-night IR heat ing i s  the same, these measurements 

verify tha t  the daytime temperature enhancement o f  both the gas and the skin 

must be due t o  solar absorption i n  the 1 i f t i n g  gas and subsequent heat 

t r a n s f e r  t o  the balloon film. 



D. Ball oon Drag Cc~kfficient 

As can be seen in E q .  ( I ) ,  one of the primary forces acting on a 

balloon i s  drag; and t o  predict t h i s  force correctly, an accurate knowledge 

of the appropriate drag coefficient variation i s  required. Unfortunately, 

mast wind tunnel tests  on balloon shapes, such as Ref. (20) are f o r  

tethered balloons i n  which t h e  free stream i s  horizontal and not 
4,5 vertical as  i n  the present probl em. Consequently, previous investigators 

have resorted t o  using an equivalent sphere model f o r  which 

Drag = D = i / ~ p E  1 3 CD A 

where A i s  cross-sectional area o f  an equivalent volume sphere, i .e.  
-2 

A =  TR (28) 

and CD i s  the  drag coefficient f u r  a sphere. Since sphere da ta  i s  

available and since aver much o f  the  f l i gh t  profile t h e  balloon shape is 

close to  a sphere, t h i s  approach i s  also used i n  thc present investigation. 

Unfortunately, there ex is t s  disagreement in the l i terature as  t o  t he  

appropriate sphere values t o  use for  balloons. Figure 1 p lo t s  various 

correl a t ions  for CD over the Reynol ds number rarige normally encountered 

during ascent. Here 

P I " /  (2F) Reynolds No. = Rey = a d t  

4 The curve designated Kreith i s  an accura te  s t raight  l i n e  approximation t o  

accepted S R I O O ~ ~  sphere values,'' and i t  was used in t h e  original version 

of Reference 4 .  However, a p p l i c a t i o n  o f  t h i s  corrrl  ation consistently 

led to high predictions for  ascent rates below the tropopnusc i n  

typical balloonflights.  En t h i s  portion o f  the f l i g h t ,  a ba l loon  typically 
5 6 encounters Reynolds numbers between 3 x 10 and 3 x 10 . Consequently, in 

the  revised version o f  Ref. 4, K r e i t h  and Kreider a rb i t ra r i ly  increased 



5 CD to a value o f  0.5 for all Reynolds numbers above 3 x 10 . T h i s  action 

did significantly imphove the accuracy o f  the i r  method below the 

tropopause. 
4 In a d i f f e r e n t  approach,  Nelson rationalized t h a t  during ascent a 

balloon i s  essentially a sphere-cone shape and should have a drag coefficient 

lower t h a n  t h a t  of a sphere. Consequently, he used 54% o f  the sphere values 

given i n  Ref. 22 during ascent and the fu!! value during descent. This 54% 

curve i s  shown in Fig. 1 as Winzen. 

As part of the present investigation, the e f f e c t  of CD on balloon 

ascent behavior was carefully studied; and it was determ-ined tha t  baltaon 

ascent velocities between launch and the tropopause are  very sensitive 

to  the values of CD. In fact,  the present results agree w i t h  those o f  

K r e i t h  and K r e i d e r  in t h a t  the usual sphere value o f  about  0.1 is t o o  f ow 

and t h a t  a value around 0.5 i s  more reasonable. 

One possible explanation f o r  th i s  larger  d rag  coefficient i s  that the 

balloon i s  a large system with extens$ve s u r f a c e  area, and  thus i t  would 

experience significant skin f r ic t ion  drag i n  addition t o  the pressure 

drag  normally found on a sphere. Studies o f  t h i s  possibil i ty indicate 

t h a t ,  including sk in  f r ic t ion  effects ,  a value o f  0.35 could be possible. 

Nevertheless, even with this explanation, the CD should experience a 
5 5 decrease between 10 and 3 x 10 due to transition from 7aminar.flow t o  

turbulent f low. This "transit ion" phenomena nloves the boundary 1 ayer 

separation point rearward and results i n  a s i g n i f i c a n t  decrease i n  i n i t i a l  

drag. 

Another passibility i s  that  during ascent, the balloon apex region 

i s  illor(* oblnt r !  .than a sphcre due t a  pressurc differcnccs across the film. 



ff. Of 



Such a shape change would increase the effective drag coefficient,  b u t  a 

laminar-turbulent break would s t i ?  1 be expected. 

Now from an aerodynamic?stls point-of-view, the present required CD 

variation wS t h  Reynolds number has the  appearance o f  a f l o w  characterized 

by a laminar rather t h a n  a turbulent sepai-ation. In 1935, IioernerP3 

performed drag measurements on smooth and rough spheres; and he found 

that on rough spheres the drag coefficient never had the laminar turbulent 

decrease typical o f  smooth spheres. In f a c t ,  he determined that  CD remained 

essentially constant a t  about 0.47 t o  0.5 well up i n t o  the 1 8  Reynolds 

number range. He postulated t h a t  the boundary layer was separating 

laminarly and never reattaching. Today, i t  i s  knownZ4 from detailed tests 

and nunrerical studies, t h a t  on blunt nosed airfoils the flow usually 

separates l aminarly near the 1 eading edge, transit ions t o  turbulent f ow 

above the resultant small separation bubble,  rea t~aches ,  and then 

turbulently separates far downstr~am near the t ra i l ing  edge. However, under 

certain 1 ow l oca7 Reynolds numbers conditions, the f l  ow separates I arninarly , 

transit ions,  but  never reattaches. Thus, Hoerne~ I s  explanation seems t o  be 

i n  agreement with both ba17oon and a i r fo i l  data; and t h u s  the existence of 

an essentially constant drag coefficient over much o f  the f l i g h t  regime of a 

balloon appears reasonable. Apparently, a b a l l  oon behaves similarly t o  that  

of a rough sphere i n  a wind tunnel. 

Unfortunately, there exis ts  a l m o s t  no experf mental wind tunnel drag 
6 data fo r  spheres a t  Rrynolds numbers above 1 x 10 . However, modern 

5 3 heavy l i f t  ba l loons ,  which have f l o a t  volumes greater than 5 x 10 rn , have 
6 ascent Reynolds numbers signifjcantly above 2.5 x 10 i n  the region between 

launch and t h e  tropopause. In i t ia l  attempts t o  model such f l igh t s  were 

unsuccessfu1 i n  t h a t  they predicted excessive ascent velocities below the  



tropopause. Since these f l  ights  represented the only experimental data 

available fo r  large spheres a t  large Reynolds numbers, these data25 were used 
6 t a  estimate appropriate drag coefficients f o r  Rey > 2.5 x 10 . Subsequent 

correlation yielded the curve shown on Fig .  1. 

A t  f i r s t ,  the sharp increase in drag  coefficient above 2.5 x 10 6 

might seem unreasonable. However, dur ing  the early stages of ascent the  

shape of a large volume balloon i s  significantly different *From t h a t  of 

a sphere.  Thus, the  present large CD values probably simply reflect the  

usage o f  an equivalent sphere cross-sectional re fe rence  area in the form- 

ulation of drag. 

In conclusion, based upon the  present research and an analysis o f  

previous studies and e f f o r t s ,  the following are believed t o  be suitable 

estimates o f  the drag coefficient of a balloon, as defqned by Eqs, (27-29); 

loh2 < Rey < 10° 

10" < Rey < 101 

lo5 < < 2 .5  lo6 

2.5 x lo6 c Rey 

C, 24/Rey 

-0.757 C,, = 24 Rey 

rD = 16.04 Rey -0.582 

CD = 6.025 Rey -0.369 

CD = 6.7297 x lo-'' Rey 2.9495 

Equations (30) are used whenever dz/dt i s  p o s i t i v e .  When dr /d t  i s  negative, 

these values are a r b i t r a r i l y  doubled. 

E. Heat Transfer  Coefficients 

In the  present model, one of the important f a c t c r s  affecting the gas 

and film temperatures is the heat t ransfer  between the f i l m  and the ambient 



atmosphere and the l i f t i n g  gas.  Historically, t h i s  heat transfer i s  

usually expressed i n  terms o f  a heat transfer coefficient,  which i n  

turn is  correlated as a Nussel t number, i .e. 

q = CH (AT) A 

Nu = (CH) L 
k 

Here L i s  a charac te r i s t i c  length and k i s  the thermal c~nductivity o f  

the adjacent gas.  

For a ba7 loon, the heat transfer between the film and the a i r  can be 

e i the r  forced, which depends upon the velocit,y and character o f  the 

surrounding flowfield and occurs during asck.,c or descent, or natural, 

which occurs when the ba l loon  i s  a t  rest or a t  very low velocity. While 

very l i t t l e  information e x i s t s  for sphere o r  balloon l i k e  shapes i n  the 

regimes o f  interest  for balloon f l ight ,  the  present research indicates 

t h a t  the f a l l  owing are adequate: 

Natural Convection--Film-ASr 

Nu = 2 + 0.6 (GrPr,) 4 

Forced Convection--Fil rn-Air 

Nu = 0 .37  (~e~)'*~ 

Here Gr i s  the Grashof number as usually defined, Pra i s  the Prand t l  

number o f  a i r  (about 0.72), and Rey i s  the same as Eq.  (29). Eq. (31) 

has the correct lower limit o f  two and i s  identical t o  t h a t  used by 

~ r e i t h - ~ r e i d e r . ~  Since i t  i s  only used a t  f loa t  condit ions where con- 

vection i s  small compared t o  radiative e f fec ts ,  Eq. (31) s h o u l d  suffice. 



Forced convection, however, i s  important in that  i t  significantly 

a f f e c t s  the balloon film temperature during ascent. Eq. (32) Js the 

widely accepted form due t o  McAdans and reported by ~ r e i t h , ' ~  and  i t ' s  
5 based upon experimental data a t  10 < Rey c 10 . I t  yjelds greater 

values f o r  Nu than the basic form given by Ref. (4) o f  

Nu = 2 + 0.419 (Rey) 0.55 (33)  

Howeverq, Ref. (4) suggests mu1 tiplying Eq.  (33)  by a t  least  a factor  

o f  1.5 in order t o  obtain resul ts  in agreement with balloon f l i g h t  

data. T h i s  multipl-ication results i n  Nusselt number values very close t o  

those given by E q .  ( 3 2 ) .  

As previously indicated, Eq. (32) i s  based upon Rey less  than 
5 10 , while modern balloons have Reynolds numbers during ascent i n  the 

5 range 10 t o  lo7. For small balloons, the results of the present research 

indicate that  Eq. (32) i s  adequate. However, f o r  large systems (maximum 
5 3 volumes above 5.38 x 10 m ), i t  appears to  under predict the film-air 

heat transfer.  Since ba7700n f l  i g h t  t e s t s  represent the only available 

data f o r  large spheres, Flight trajectory data have been used to  deduce t he  

appl icahle coefficient form, Thus, in the present model, for  balloons 
5 3 having maximum volume!; greater than 5.38 x 10 rn , Eq. (32) i s  replaced 

by 

Nu = 0.74 (~ey)'.~ (34) 

This f a c t o r  of two increase i s  s t r i c t l y  empirical and i s  s t r i c t l y  

justified by the f a c t  t h a t  i t s  application yields predictions in 

agreement w i t h  f l i gh t  t e s t  data .  In addition, i t  should be noted that 

attempts t o  combine Eqs. (32) and (34) into a unified formula were un- 

successful. Obviously,  i t  i s  an area which requires f u r t h e r  research. 



Final Iy, w i t h  respect to  f i f  rn-air convection, the actual heat t r an s f e r  

should t r ans i t ion  smoothly from forced t o  natural convection as the balloon 

goes in to  f loa t .  Since the balloon enters  f l o a t  i n  an oscif latory manner, 

the exact methad o f  modeling th3s t r a n s i t i o n  is unclear. In the present 

research, i t  has been found adequate t o  use the larger o f  the values 

predicted by E q .  (31) and (32). 

For convection inside the bal loon,  ~ r e i t h ~ '  suggests usage o f  the 

f o l l  owing : 

Where Pr i s  the Prandtl number of the 1 i f t i n g  gas (about 0.67 fo r  Helium). 
9 

The break corresponds t o  the t rans i t ion  f r o m  I ami nar  t o  turbulent  f 1  ow i n  

the convect :on induced f l o w  inside the bal loon .  In Ref. (4) ,  Kreith and 

Kreider found t h a t  the usage o f  these formulas resulted i n  a delay in gas 

heating above the troposphere and subsequently i n  excessively low ascent 

velocJties. Thus, they a rb i t ra r i ' l y  used a factor of three on Eq.  (35). 

A need f o r  similar  enhancement bas been found in  the present research, 

although a fac tor  o f  2.5 has been found t o  y ie ld  the best  correlat ion.  

Thus, i n  the present model, the following gas-film Nussel t number corre7a- 

tions have been used: 

In Ec1.s. (361, the breakpoin t  h a s  been chosen so a s  t o  y ie ld  a smooth 

t r ans i t ion  between the two formulas. 



Now, Eqs. (35) are based upon experiments conducted on one inch spheres 

w i t h  sub-cool ed nitrogen. Thus, they are probably not  directly appl i c a b l  e 

to balloons; and the necessity for  modSfication should no t  be surprising. 

F. Atmospheric Model 

In any model for balloon performance, t h e  variation i n  atmospheric 

properties with a1 ti tude must be represented accurately since these prop- 

er t ies direct1 y af fec t  balloon 1 ift, drag, and heat transfer. Fortunately, 

the variation in ambient temperature w i t h  a1 t i tude i s  well behaved in tha t  

t h e  lapse  ra te ,  dT/dz, i s  essentially constant over  we71 defined layers. 

As a resul t ,  by spec i fy ing  t h e  temperature a t  s p e c i f i c  al t i tudes and 

assuming a constant lapse rate in between, the pressure a t  any al t i tude 

within a layer  can be computed from 

where Pa , and Ta are the condition a t  t h e  bot tom of t he  layer. The ambient 
1 1 

density can then be evaluated via 

Obviousl~, as many layers  a s  desired can be used; but a l a r g e  number o f  

layers will result i n  excessive computer time. 

Consequently, i n  an attempt t o  keep the present method 

as simple a s  possible, only two layers were in i t i a l ly  used. This approach 



specified the launch temperature and pressure, temperature a t  the 

tropopause, and temperature a t  f loat.  However, examination o f  

a1 t i  tude temperature profi les  a t  Palestine, Texas and the 1962 

Standard ~ t n o s ~ h e r e , "  revealed that such an approximation was too 

simple and d i d  not adequately model the atmosphere i n  the v i c i n i t y  

o f  the tropopause or a t  a1 t i tudes above 32 km. 

Consequently, a four segment temperature profi l e model has been 

developed and incorporated into the numerical method. This approach 

accurately models the  1962 Standard Atmosphere and adequately represents 

the seasonal profiles encountered a t  t h e  major launch s i t e  a t  Palestine, 

Texas. These profiles are shown on Figure 2; and, as can be seen, 

t h e  standard atmosphere is a poor representation much o f  the year, 

In the actual program,1 these profiles can be easi ly  selected via 

a single parameter i n p u t ;  or the user can u t i l i ze  his own four 

segment profile,  

Limited studies with these profiles reveal that  ascent 

t ra jector ies  and f l o a t  pressure a l t i t u d e  are  only s l ight ly  affected 

by profile choice. However, f loa t  a l t i tude  may vary as much as 

500 meters. 

Finally, i n  the atmospheric model, a i r  thermal conductivity 

i s  assunted constant; and a i r  viscosity i s  computed v i a  a cubic curve 

fit versus a l t i t u d e .  It i s  believed that  these representations are 

adequate fo r  balloon f l igh t s .  

G. Blackball Model 

To d a t e  t he  most accurate and convenient method of  representing 

the earth-air  infrared radiative input t o  a balloon i s  v i a  the  

blackball concept,4 and t h i s  approach had been used in Eqs. (9 )  and 

(10) .  I t s  appf {cation, however, requires an accurate representation 

2 5 



o NSBF Winter 
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n NSRF Summer 
0 NSflF Fall 

LIru V 1962 Slandard 

Figure 2. F i v e  o p t i o n a l  atmospheric temperature prof i l  es a v a i l a b l e  in the THERMTRAJ program 



of the  b l a c k b a l l  temperature versus al ti tude. Normal ly, TBB 

decreases linearly from a launch value slightly below ambient 

to a value at the tropopause. Above the tropopause, TBB is 

normally canstant, since most o f  the radiative input is f r o m  

be1 ow, 

The tropopause value, however, is strongly dependent upon 

cloud cover since cf  ouds, due to t h e i r  water  content, absorb 

much o f  the radiation i n  the infrared. Consequently, i n  the 

present model , the following values are normally used: 

Clear Skies-- 

A t  launch - - - 5 . 5 ' ~  
TOO Talaunch 

At tropopause and above 

Overcast Skies-- 

At launch T~~ = - 5 . 5 ' ~  

A t  tropopause and above 

The variation with partially cloudy conditions will be discussed in 

the  next section. 

Now unfortunately, conditions are occasionally such that 

significant variations occur f r o m  t h e  standard profiles represented 

by Eqs. (39-40). Usually, such variations could be expected after  



a long heat wave and/or dry spel l ,  and such an  occurrence did 

happen on the  RAD 111 f l i gh t .  In t h a t  case, t h e  launch was a t  

n i g h t  and accurate blackball temperatures were measured through- 

o u t  ascent. These temperatures could be accurately approximated 

by a linear v a r i a t i o n  between the  following po in ts :  

Launch TBB = 309.6% 

16400m 2 5 0 ' ~  

24500m 2 5 0 ' ~  

291 00m 2 2 5 ' ~  

Above 291 00n1 225' K 

An attempt t o  model t h i s  f l i gh t  using the standard clear 

sky profile,  Eq. (39), was i n  general unsatisfactory; and, t h u s ,  

t h e  numerical model has been modified t o  permit a four segment 

blackball profile. As will be shown in section V ,  usage o f  the  

Eq. (41 ) values i n  t h i s  four segment representation was very 

successful for the RAD 111 f l igh t .  

Nevertheless, these results indicate that ascent t ra jector ies  

are sensitive t o  ear th - i n f ra red  behavior and t h a t  s i g n i f i c a n t  

anomol ies f r o m  "standard profilesM can occur. T h i s  p o s s i  bi 1 i t y  

and sensi t ivi ty ,  o f  course, poses d i f f i cu l t i e s  to  an individual 

t r y i n g  t o  predict a f l i g h t  i n  advance and must be suitably considered. 

H.  Cjoud Simulation 

From the ear l ies t  attempts t o  analyze high al t i tude balloon 

i t  has been recognized t h a t  the presence of clouds 

s i g n i f i c a n t l y a f f e c t s  balloon behavior. Basically, the presence o f  

clouds below a bal loon ref lects  sun1 ight back t o  t h e  baf loon, thus 



increasing the s o l a r  input, and absorbs p a r t  o f  the ear th-a i r  

infrared radiation. While clouds also r a d i a t e  i n f r a r e d  energy, 

:hey do so at a characteristic temperature lower than that o f  the earth, 

and so the  t o t a l  e f f e c t  o f  clouds is to reduce the i n f r a r e d  radiative 

i n p u t  t o  the balloon system whi le  increasing the so la r  input. The 

combined e f fec ts  may lead  t o  either a daytime heating or cooling of the 

bal loon, depending upon the relative r a d i a t i v e  proper t ies  o f  

the ba l loon f i l m  and gas. A t  n igh t ,  clouds always cause a 

temperature decrease due t o  the lowering o f  t h e  i n f r a r e d  input. 

As a r e s u l t  o f  t h e i r  importance, many attempts have been 

made t o  cor re la te  albedo, re, and b lackba l l  temperatures, TBB, 

as a function o f  cloud cover and cToud type; and these e f f o r t s  are 

thoroughly reviewed i n  Ref. (4)  and (29). I n  summary, i t  i s  

now generally accepted t h a t  the following values are appropriate 

f o r  flights over 1 and: 

Clear Skies: re = 0.18 , TBB = 214.4'~ 

Overcast Skies: re = 0.57 , TBB = 194.4OK 

I n  addition, based on the r e s u l t s  presented i n  Ref. ( 4 ) ,  it i s  

appropriate to assume a linear variation w i t h  percent cloud cover 

f o r  these quant i t ies .  

This approach has been used to study t h e  effects o f  cloud 

cover on Flight 1131PT, which was launched a t  sunset and f o r  

which minimal c loud  data was recorded. On t h i s  f l i g h t ,  the  sk ies 

were clear f o r  the f i r s t  f i f t y  minutes. Between 50 and 90 

minutes a f t e r  launch the sky was 100% overcast, wh i l e  after 90 

minutes the balloon was over a 50% overcast, 



The simulation resul ts  for this f l i g h t  predict a time t o  

f loa t  of 197 minutes i f  the skies were c'tear, and 224 minutes 

fo r  the observed conditions, Qbviously, f o r  a n i g h t  ascent, 

the presence o f  clouds causes a cool ing o f  the ba1 loon and a 

lower ascent rate.  

During the day, various investigators disagree as t o  t h e  

expected behavior. Reference (2)  says t h a t  a balloon floating 

over h i g h  clouds will descend even during the day, while the 

results presented i n  Ref. ( 2 9 )  indicate that the balloon film 

and gas will increase in temperature and will r i s e  and/or 

expel gas .  The l a t t e r  i s  in pseudo-agreement w i t h  the observed 

behavior of RAD I I .  

An analysis of these studies indicates that  the type o f  

el ouds strongly influences the resultant behavior. A th ick ,  low 

overcast wil l  have a h igh albedo which may overcome t h e  decrease 

i n  IR radiation and lead t o  increased balloon temperature. High 

clouds, such as thin c i r rus ,  which may not even be v i s i b l e  from 

the ground have, however, a low a1 bedo. They may, thus, only 

serve t o  decrease the  infrared i npu t  t o  the balloon and l ead  t o  a 

decrease in temperatures and subsequent descent. 

Hauchecorne and ~ o r n n e r a u ~ ~  have extensively investigated cloud 

e f f e c t s  experimentally, and they report significant differences 

f o r  the two cases, For a low overcast composed o f  cumulus-nimb~s 

clouds, they found a high albedo ref lect ivi ty  o f  0.58. However, 

f o r  high thin cirrus ,  the i r  measuremznts i n d i c a t e  characteristic 

blackball terr~peraturcs o f  202 to  208'~ and a n  albedo o f  only 0.20. 

The la t ter  i s  only s l ight ly  above the c lear  ea r th  value o f  0.18 t o  



In addition, as par t  of the present research, Flight  167N, 

which encountered high c j r rus  during daytime f l o a t ,  has been 

modeled; and i t  has been determined t h a t  such clouds have an 

effect ive  a1 bedo of about 0.18 and a blackball temperature 

of 204.4'~. 

Based upon these s tudies ,  the fo1 lowing correl a t i  ons 

and values are  recommended for usz i n  t h e  present model, 

A1 bedo: re = 0.18 + 0.39 ( %  cloud cover) (43 )  

Since the  solar  absorptivity of polyethylene balloon film is  

extremely low, the albedo e f fec t  will be minimal; and Eq. (43) 

probably can be used fo r  a l l  types of clouds. However, fo r  th in  

c i r r u s ,  an r, o f  0.18 i s  s t i l l  suggested. 

Blackball Temperature: 

For low ,a l t i tude  and or thick clouds 

= 214.4 - 20 ( %  cloud cover) 

For t h i n  h i g h  c i r rus  

In the actual computer program, a1 bedo values a r e  controlled 

via an input array versus time from launch. The actual values 

can be determined via Eq .  (43). For blackball temperatures, the 

values during ascent a r e  controlled v i a  t h e  four segment prof i le  

discussed previously. After arr ival  a t  f l o a t ,  they are determined 

via an i n p u t  array versus time f rom launch. Again, the  actual 

input values must be determined by the user from Eqs. (44-451. 

I .  Gas Expulsion, Valving and Ballasting 

Due t o  environmental conditions and operational requirements, 

a b a l l o o n  ruay undergo gas  expulsion, v a l v i n g ,  and/or b a l l a s t i n g  



du r i ng  t h e  course o f  i t s  f l i g h t .  Gas expuls ion,  sometimes called 

burping, occurs whenever t h e  ba l  f oon i s  at i t s  maximum volume 

and continues t o  ascend due t o  i n e r t i a  and momentum. Since 

a zero pressure ba l  l oan  i s  always launched w i t h  excess f r e e  

l i f t  and hence gas, t h i s  phenomena almost always occurs as 

the b a l l o o n  goes i n t o  f l o a t ,  I t  can also  take p lace  i f  the  

ba l l oon  i s  a t  i t s  maximum volume and t he  gas i s  subsequent ly 

heated, say due t o  sunr ise,  

I n  t h e  present model, gas expu ls ion  i s  handled 

s t r a i g h t f o r w a r d l y .  If a t  the end o f  a computat ional  t i m e  s tep 

the c a l c u l a t e d  volume exceeds the  maximum poss ib le ,  t h e  t ime 

step i s  repeated w i t h  a vo lumet r i c  expu ls ion  r a t s  o f  

- 
'ca lcu la ted 'nax E g  - - 

A t  

Th is  term i s  used i n  Eq. ( 4 )  where i t  i s  conver ted t o  a  mass 

f l o w  r a t e .  I f  the  new volume s t i l l  exceeds V,,,, E g  i s  doubled 

and t h e  process repeated. Th is  procedure i s  cont inued u n t i l  a 

volume l e s s  than o r  equal t o  t h e  maximum i s  acheived. I n  p rac t i ce ,  

t h i s  approach t o  burp ing  has been found t o  be simple, r e l i ab ' i e ,  

and r e a l i s t i c .  

S ince i n  many f l i g h t s  ope ra t i ona l  s p e c i f i c a t i o n s  may r e q u i r e  

an inc rease  o r  decrease i n  ascent or descent v e l o c i t i e s ,  the  

111ode1 a l s o  permi ts  a r b i t r a r y  gas v a l v i n g  and b a l l a s t i n g .  Approxi-  

mate ly  twe lve  va l v i ngs  and 50 b a l l a s t  drops o f  a r b i t r a r y  length 

and mass r a t e  (gm/rnin) can be t r e a t e d  w i t h  t h e  p resen t  program 

con f igura t ion .  These a r e  handled v i a  E, i n  Eq. ( 4 )  and t ime 

v a r i a t i o n s  i n  payload mass, m i n  Eq. (6), r espec t i ve l y .  
P ' 



Tests w i t h  the method indicate that valving and ballasting 

must be accurately represented i f  a flight i s  to be correctly 

simulated. 

IV. COMMENTS ON APPLICATION 

Whlle in general the model and associated computer program 

has and should be appl ied i n  the manner described i n  Ref. (1 ) , 
several comments can be made concerning certain de t a i l s .  This 

section will discuss a f e w  o f  these areas. 

An i tern of impartance in t he  appl i c a t i c n  o f  any initial 

value thermal analysis is the appropriate thermal s t a r t i n g  

conditions at launch. The inflation process, however, is very 

compl icated. First the gas undergoes a Joule-Thomson thrott 'f  ing 

process in e x i t i n g  the high pressure gas b o t t l e s  into the low 

pressure fill tube. Then, while traversing t h e  fill tube to 

t he  balloon, t he  gas experiences a nonisentropic combination 

Rayleigh-Fanno f l ow  involving complicated heat transfer and 

viscous friction phenomena. Finally, upon e x i t i n g  the fill tube into 

t he  balloon, the  gas is adiabatically expanded. 

In the Joule-Thomson process, the gas behaves, due t o  the  

high initial pressure, imperfectly and as a result of a negat ive  

Joule-Thornson coefficient probably increases in temperature. 

In the ad iabat ic  expansion, however, the gas is cooled to T , where 
9- 

- ' 'inlet T - 
cD/cV 

Thus, those two e f f e c t s  teid to counterbalance each other. 

In addition, the inflation time o f  a t yp i ca l  ba l l oon  ranges 

from f i v e  to f i f t e e n  minutes. Based upon cal culati ons performed 

early in the present research program, only a few minutes are 



needed f o r  the system t o  achieve thermal equ i l i b r i um a t  the  launch ambient 

temperature. A1 so, s e n s i t i v i t y  s tudies performed w i t h  the present model 

ind ica te  t h a t  the effects o f  i n i t i a l  temperatures a r e  r a p i d l y  " fo rgot ton"  

and t h a t  ove ra l l  r e s u l t s  a re  no t  s e n s i t i v e  t o  the s t a r t i n g  temperature 

values. Consequently, t h e  model assumes t h a t  the  i n i t i a l  values f o r  the 

gas and f i l m  temperatures are the launch ambient a i r  temperature. 

Another i tem of importance i n  t he  so lu t i on  o f  a se t  o f  d i f f e r e n t i a l  

equations i s  the method o f  so lu t ion .  Such a method should  be simple, s t r a i g h t -  

forward, and eas i l y  understood by a po ten t ia l  user; and y e t  it sf'lould be 

accurate and stable. Consequently, the  standard Runge-Kutta Method o f  order 

four  has been used i n  the present program. This w e l l  known method works 

we1 1 f o r  nonl inear  i n i t i a l  value systems o f  ord inary  d i f f e r e n t i a l  equations 

and only has an e r r o r  p ropor t iona l  t o  the  t i m e  s tep t o  the  four th power. 

Obviously, the successful a p p l i c a t i o n  o f  such a method requ i res  the  

usage o f  a s u f f i c i e n t l y  small t ime step, Unfortunately, the ba l loon problem 

i s  character ized by several h igh grad ient  regions, where the var iables are 

changing rap id l y ,  such as ascent, sunrise, and sunset, and some low gradient  

periods, such as n igh t  f l o a t .  A t ime step adequate f o r  one reg ion would be 

e i t h e r  computational l y  i n e f f i c i e n t  o r  inaccurate i n  the other. Thus, the  

present model uses a va r iab le  t ime step dependent upon the cur rent  condi t jons,  

Rigorous numerical s tudies w i t h  the  present program and others i nd i ca te  

t h a t  the best  approach t o  c o n t r o l l i n g  the time step i s  t o  place l i m i t s  on the 

maximum change each major dependent va r iab le  can have over  a t i m e  step. If 

these t e s t s  are  successfu l ly  s a t i s f i e d  f o r  three consecutive t ime steps, the  

time increment i s  doubled. More frequent doubling i s  computat ional ly i n -  

e f f i c i e n t .  If a t  the end o f  a s tep o r  a t  any time dur ing the Runge-Kutta 

process any one o f  the 1 i m i t s  i s  exceeded, the step is repeated using one-half 



the  i n i t i a l  t i m e  increment. Th is  procedure i s  used i n  the present numerical 

code. 

Now the ac tua l  values of t he  var iab le  I i m i t s  can only be determined 

through systematic numerical s tudies.  Based upon such s tud ies  conducted w i th  

t h e  present code f o r  rea l  i s t i c  f l  i g h t  cases, the fo l lowing l i m i t s  have been 

selected: 

I I max ' O K  

I A z 1 c SO meters 

I n  add i t ion ,  i t  has been found that  tine steps smal ler than rnjnutes 

usua l ly  i n d i c a t e  serious input e r rors ,  Thus, the code automat ica l l y  stops 

i f  such a t i m e  step i s  requi red.  Further, excessively  lsrge t i m e  steps 

f requent ly  l e a d  t o  r e p e t i t i v e  doubl ing and ha lv ing ,  which i s  i n e f f i c i e n t .  

Thus, the maximum t i m e  step i s  l i m i t e d  by an i n p u t  var iab le ,  DTMAX. 

This value i s  normal ly defaul ted t o  f i v e  minutes. However, if the 

f l i g h t  invo lves  va lv ing  per iods o f  shor t  dura t ion ,  DTMAX necds t o  be s e t  t o  

about h a l f  t h e  minimum v a l  ving period. This  a c t i o n  i s  requ i red  s ince the  

change i n  mass o f  gas i s  n o t  1 im i ted  by Eqs. (48). 

Another i t e m  cf concern i n  an,y numerical solution i s  t h e  poss ib le  e r r o r  

associated w i t h  cumulative s i g n i f i c a n t  d i g i t  and round o f f  e r ro r ,  Since the 

present r e s u l t s  were a17 obtained on the  TAMU/TEES Amdahl 470/V6-7 machines, 

which, l i k e  a l l  IBM type machines, only  ut i l i ze  seven s i g n i f i c a n t  d i g i t s  

i n  s ing le  prec is ion ,  t h i s  p o s s i b i l i t y  has been inves t iga ted .  Several 

double p rec i s ion  (16 d i q i  t s )  a r i t hme t i c  cal c u l a t i c n s  have been performed 

and compared t o  t h e i r  s i ng le  prec is ion  counterparts. I n  add i t ion ,  several  

runs were obta ined using maximum t ime steps o f  about one second. I n  a l l  



cases, the differences in results were insignificant. Since almast a l l  com- 

puters u t i l i ze  a t  least  seven s ignif icantdigi ts  in single precision and 

many us2 16 d ig i t s ,  single precision arithmetic should be adequate for 

almost a l l  calculations, 

Another factor affecting the quality o f  the results obtained with the 

model i s  the input data. Q u i t e  obviously correct values must be used, and 

i n  a post f l i g h t  analysis accurate values for weights, bal lasting, e tc .  

are usually known. I f ,  however, the model i s  used f o r  a pre-flight prediction, 

many quantit ies may only be known approximately; and in that  case the user 

should make a series of calculations bracketing t h e  possibi l i t ies  in order 

t o  obtain an idea o f  t h e  possible f l i g h t  performance. 

Possibly the most important parameter affecting the  ascent trajectory 

of a ballooc i s  the i n i t i a l  mass of g a s .  In i t ia l  attempts t o  simulate actua? 

f l igh ts  with the present model were unsat is fac tory  in that  the predicted 

ascent velocities above the tropopause were too  low. Subsequently, a sensi- 

t i v i  t y  analysis was canducted t o  determine which parameters affect t h i s  region; 

and i t  was determined tha t  the most important quantity was the amount of 

l i f t ing  gas. 

Consequently, t he  inflation camputation sheets were obtained from the 

f l i g h t  records o f  several f l i gh t s ;  and ,  using the charts and procedure 

out1 ined in Ref. 31, the amount of gas put into t h e  balloon was computed, 

Consistently, t h i s  approach has yielded a mass o f  gas about three percent 

higher  than tha t  determined from the assumed free l i f t ;  and theoretical 

results obtained using t h i s  extra gas a r e  in excellent agreement w i t h  f l i gh t  

t ra jector ies .  Consequently, i n  using t h e  present model i t  i s  recommended 

that  the i n i t i a l  mass o f  gas  be three percent above the va lue  determined 

from the specified free l i f t .  



Now t h i s  need of the present model for  extra gas sho~r;d not be construed 

as  a cr i  t i c i  srn o f  current 1 aunch procedure or 1 aunch operations personnel. 

Their excel l ent performance record i s  undeni ab1 e ,  and they have consistently 

7 aunched ball oons which accurately meet the performance c r i t e r i a  of the user. 

Perhaps, the explanation i s  simply t h a t  there i s  an erroneous assumption in 

t h e  present theoretical model. On the other hand, the tables in Ref. 31 are 

slightly different from those actually used by the  inflation crews; and the 

f i l l  procedure of an inflation period, fallowed by a wait for pressure gages 

t o  adjust, another inflation period, etc. ,  should always resul t  in a s l ight  

extra amount of gas being placed in the balloon, In any event, operational 

procedures should remain unchanged and the present model should probably 

assume three percent e x t r a  gas. 

A t  f loa t ,  an important parameter affecting m~del accuracy i s  the max5munl 

balloon volume. In general, use o f  the manufacturer's specified volume in 

the model has resulted i n  accurate prediction o f  f loa t  a l t i tude.  In two 

cases, however, sl ightly smaller volumes had t o  be used. Since f loa t  volume 

can accurately be determined from ambient and gas conditions and the mass a t  

f loat ,  i t  i s  obvious for these cases that  the f loa t  volumes are wrong. Since 

some manufacturers do  not  use sophisticated computer codes and design balloons 

based upon sigma tables, t h e  occasional existence o f  a small volume error 

i s  not surprising. Consequently, the user of the present model and code should 

always keep this  possibil i t y  i n  mind when evaluating his  theoretical results.  

Finally, some comment should be made concerning t he  overall accuracy of 

t h e  present model, I t  i s  be1 ieved by the present investigators that this  model 

will ,  when used with accurate and appropriate input data, yield accurate 

results.  However, one o f  the primary governjng paramgters i s  local free l i f t .  



For l a rge  b a l l  oons, RtV and mtotal a r e  very l a r g e  in  magnitude and f r e e  

l i f t  is  very small. Thus, some significant d i g i t  l o s s  wi l l  occur i n  t h e  compu- 

t a t i o n  of  f ree l i f t .  Hence, t h e  presen t  model should  be s l  Sghtly l e s s  accu ra t e  

f o r  1 arge  systems than f o r  small ba l l  oons. 

V ,  T Y P I C A t  RESULTS 

In t h i s  sec t ion ,  t y p i c a l  r e s u l t s  obtained with t h e  presen t  model and 

computer program wi l l  be presented f o r  severa l  ba l l  oon f l  i g h t s .  These resul  t s  

wi l l  be discussed and compared with ac tua l  f l  i y h t  data .  In add i t i on ,  t h e  

results of pe r t i nen t  s e n s i t i v i t y  s t u d i e s  of various f l i g h t  parameters wi l l  be 

presented where appropr ia te .  

Figure 3 ( a )  and 3 ( b )  show t r a j e c t o r y  r e s u l t s  f o r  t h e  RAD I f l i g h t .  RhD I ,  
3 or f l i g h t  913 PT, was an engineer ing tes t  f l i g h t  of a 56634m bal loon and 

was launched a t  about 0130CST on 29 August 1975. As can be seen, the agree- 

ment between the t h e o r e t i c a l  t r a j e c t o r y  and t he  measured one i s  e x c e l l e n t ,  

p a r t i c u l a r l y  i n  t h e  v i c i n i t y  of t h e  tropopause. Upon a r r i v a l  a t  f l o a t ,  t h e  

theory shows t h a t  the ba l loon  went through several  v e r t i c a l  o s c i l l a t i o n  i n  

t he  process o f  expel1 ing  o r  "burping" gas  before  sett.1 ing down t o  a s teady 

f l o a t  a1 t i  t u d e .  The ac tua l  balloon descended sl i g h t l y  s h o r t l y  a f t e r  f l o a t ,  

possibly due  t o  a small decrease i n  the e a r t h - a i r  i n f r a r e d  input  no t  accounted 

f o r  i n  the theory.  This d i f f e r e n c e  in  a l t i t u d e ,  about 500 meters ,  was main- 

t a i n e d  throughout the n igh t .  

Figure 3(b) shows the t r a j e c t o r y  during sun r i s e ,  which s t a r t e d  a t  251 

minutes, and t h e  day l igh t  por t ion  of t h e  f f  igh t .  The a l t i t u d e  increase  a t  

243 minutes i s  due t o  a 13.62 kg b a l l a s t  drop, and t h e  o s c i l l a t i o n s  s h o r t l y  

t he rea f t e r  a r e  a consequence of s u n r i s e  and t he  r e s u l t a n t  gas  hesting and 

add i t i ona l  ga s  expulsion. T h i s  agreement between theory and experiment i s  
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good, p a r t i c u l a r l y  consider ing the f a c t  t h a t  the experimental a1 t i  tudes were 

obtained us ing  t h e  1962 standard atmosphere. As mentioned previously,  such 

a data  reduct ion procedure can l ead  t o  a l t i t u d e  e r r o r s  up t o  500 meters.  

Figures 4(a )  and 4(b) show s i m i l a r  comparisons for the  temperatures.  

On t h i s  f1  i g h t ,  only gas temperatures  were measured; and only the data  measured 

by the upper t he rmis to r  are p l o t t e d .  In genera l ,  t h e  agreement i s  exce7lent .  

During a scen t ,  and p a r t i c u l a r l y  after the tropopause, t h e  gas temperature i s  

lower than t h a t  of  the film due t o  the e f f e c t s  o f  a d i a b a t i c  expansion cool ing. 

The s l i g h t  decrease  i n  gas temperature a t  69.6 minutes i s  due t o  a 13.62 kg 

b a l l a s t  drop. Ba l l a s t i ng  almost  always induces a sudden increase  i n  ascent  

r a t e  and creates a temporal i nc rease  i n  a d i a b a t i c  cooling. Thus, gas  tempera- 

t u r e  i s  a sens i t i ve  i n d i c a t o r  of  the e f f e c t s  of  b a l l a s t i n g .  

F loa t ,  here defined a s  when t h e  balloon f l r s t  vents  gas ,  was achieved 

a t  322 minutes. As can be seen on Fig. 4(a), t h e  gas temperature 

subsequently took about thiarty minutes to inc rease  t o  i t s  equil  i brim 

f l o a t  value. The o s c i l l a t i o n s  dur ing  t h i s  period a r e  due t o  the 

balloon cscill a t i n g  about i t s  nominal f l o a t  a1 t i t ude ,  expel 1 ing gas ,  and 

undergoing cycl  i c  a d i a b a t i c  expansion and compression. 

Since th is  balloon f l o a t e d  a t  n i g h t ,  the equi l ibr ium gas and film temper- 

a t u r e s  should t h e o r e t i c a l l y  be the same. I t  should be noted t h a t  this equiv- 

a lence d i d  occur  and t h a t  t h e  t h e o r e t i c a l  gas temperatures  agree well w i t h  

the measured va lues ,  The l a t t e r  i s  very sSgn i f i can t  s i nce  t h i s  is  t h e  f i r s t  

time such agreement has been achieved i n  a theoretical model a c t u a l l y  using 

experimental ly  measured r a d i a t i v e  p r o p e r t i e s  of  the  balloon f i lm.  

Figure 4 ( b )  presents t he  h e a r e t i c a l  and measured temperatures during 

sun r i s e  and t h e  dayl igh t  po r t i on  o f  the f l i g h t .  As shown, sun r i s e  causes 

the gas temperature  t o  increase, followed by the  f i l m  temperature.  This 
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pattern i s  expected since the low solar  absorptivity o f  the film would only 

create a s l ight  film temperature change, and any significant increase would 

have t o  be preceded by an increase i n  gas temperatures. The sinusoidal 

behavior o f  the gas temperature during th is  sunrise period i s  again due t o  

balloon oscil lation and gas expulsfctn. ?he l a t t e r  occurs because as the 

balloon heats,  the mass of gas which can be contained i n  the balloon volume 

decreases. 

I t  should a l s o  be noticed on Figure 4(b) t h a t  the daytime equil ibrium 

gas temperature i s  i n  excellent agreement with the experimental values and 

i s  about 10°C above the pred ic ted film value. The l a t t e r  i s  in sharp conkrast 

t o  previous theories which assume that  the  two temperatures would be the 

same. Finally, notice t h a t  the day gas temperature i s  about 25°C above the 

1 oca? ambient temperatures. 

Comparisons between theory and experiment are shown f o r  the f l i g h t  of 

RAD I11 on Figures 5-7. RAD I11 was launched a t  sunset on I1 August 1976 
3 as f l igh t  979 PT and was a 14160111' balloan made o f  X-124 f i l m .  I t  was 

instrumented t o  measure gas, f i l m ,  and b1 ackball temperatures. Figure 5(a)  

compares the theoretical and actual a l t i t u d e  t ra jector ies  and shows the 

same chzracteristics e x h i b i t e d  by RAD I.  In general, the agreement i s  

excellent. While not shown on a f i gu re ,  the a c t u a l  balloon did reascend t o  

the theoretical f loa t  a l t i tude  af te r  sunrise, indicating that the night 

IR input was slightly less t h a n  assumed i n  the l a t t e r  part o f  the night. 

Figures 6(a) and 6(b )  compare the theoretical and measured temperatures. 

During ascent, the theoretical gas temperatures again exhibit adiabatic 

cooling; and the agreement with the measured values i s  surprisingly good. 

The gas  temperature pause a t  82.3 minutes i s  due t o  bal last  drop, and the 

night  f loat  temperature show good agreement with the theory. As can  be seen, 

the gas and film values are very close t o  ambient, probably because this  
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sunmr f l i gh t  experienced an unusually high blackball input of 22%. '[he 

usual value i s  214.4"K. 

The thermal behavior o f  RAD I I I  during sunrise i s  shown on Figure 6(b), 

and the agreement between theory and experiment for gas temperature i s  con- 

sidered acceptable by the present investigators, particul ar ly  near the end 

of the f l  i g h t .  The theoretical and experimental f i lm temperatures, however, 

disagree af ter  sunrise. This difference 4s not surprising since the theoret- 

ical model used film radiative properties for ~ t r a t a f i l m . ~  X-124 film has a 

different molecular structure, and based upon the present tqesu7 t s  probably 

has a sl- ightly lower solar absorptivity. Since present balloons are made 
R from Stratofilm and X-124 i s  no longer manufactured, t h i s  discrepancy i s  

not considered significant. 

Now i n  comparing theoretical and experimental bal loon t ra jector ies ,  

atmospheric pressure versus time shoul d be used rather than geopctential 

a1 titude, since pressure i s  the quantity actually measured i n  an instruw~nted 

f7 i g h t .  This  approach el iminates diacrepencies which may resul t when an 

al t i tude i s  determined from a measured pressure and the 1962 Standard 

Atmosphere and the actual a l t i tude profile differs  from the s tandard.  Such 

a pressure comparison is  shown on Figure 7 f u r  RAD 111, Here, and on a l l  

pressure plots i n  this  report, the vertical scale i s  log, / p  a 1-  
Since the atmosphere i s  almost exponential in nature, such a scale yields 

curves which l ook  similar t o  an a1 t i t u d e  pf ot .  As can be seen, the agree- 

ment is excel lent. 

As discussed i n  t h i s  and previous sections, RAD I I I  encountered an 

unusual atmospheric profile, particularly with respect t o  blackball tempera- 

tures. Thus ,  i t  should serve as an excellent vehicle f o r  studying theor- 

etical  ly  t h e  sensit ivity o f  the predicted resul ts  t o  different atmospheric 



assumptions. Figure 8 portrays the pressure trajectory for  RAD i I I  computed 

u s i n g  the P a l e s t j n e ,  TX standard summer profile and compares i t  to  the actual 

f7 ight data. For t h i s  case, the standard b l a c k b a l l  profile was also used. 

Below the tropopause, the  agreement i s  good but  above i t  the two rerul ts 

differ ,  and the  theoretical f loa t  a l t i tude i s  sl ight ly lower than t h a t  

shown on F i g .  7. 

Figure 9 compares the  corresponding temperature profiles,  and during 

ascent t he  agreement i s  probably acceptable. However, the predicted f loa t  

temperatures fur this  summer atmosphere are about 3 O C  below those previously 

predicted on Fig, 6(a) .  Thus, the usage of a suiilmer atmosphere for t h i s  

f l i g h t  leads t o  some trajectory and temperature errors. These differences 

might, however, be acceptable i n  many cases. 

Figure 10 compares similar theoretical results obtained using a 1962 

Standard Atmosphere. The use of such a ,profile i s  readily apparent i n  the 

essentially con:tant ambient temperature reg jon i n  the vicinity of the trop- 

opause. For t h i s  case, the f l igh t  trajectory i s  almost identical to  tha t  

o f  F i g .  9 ;  and th~,, i t  i s  not shown separately. The predicted tenperatures 

shown on Fig. 10 are, however, significantly different  from both the f l i gh t  

d a t a  and the theory on Fig, 6 ( a ) .  A t  launch, the i n i t i a l  temperatwes 

d i f f e r  by about 13"C, and the s t a n d a r d  atmosphere resul ts  completely miss 

the minimum gas temperatures encountered a t  the tropopause. Notice t h a t  the 

constant ambient tropopause creates essentially constant gas and film 

temperatures for about th i r ty  minutes o f  the f l i g h t .  In addition, t he  f loa t  

temperatures diaFfer significantly from those actually measured. Based 

upon these results, i t  i s  concluded t h a t  t he  use o f  the 1962 Standard Atmos- 

phere i n  predicting and analyzing balloon f l igh ts  can lead to  significant 

errors.  
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Now the present program and method should a l so  be applicable t o  large 

balloons and day1 ight launches, and Figure 11 shows t ra jec tory  r e su l t s  f o r  

such a case. T h i s  f l i g h t ,  No. 1116PT, used a large 965,326m3 balloon and 

was flown on 10 December 1978 a t  1022 CST. This f l  ight  was par t  of the 

heavy load study program, 12125 and was terminated shor t ly  a f t e r  ar r ival  a t  

f l oa t .  

For lack of better information, the simulation of t h i s  f l i g h t  used a 

standard Palest ine winter atmosphere; and only an a l t i t ude  plot  i s  shown 

since the pressure p lo t  i s  similar .  In general, the agreement with f l i g h t  

data i s  goad w i t h  the possible exception of the entrance into f l o a t .  This 

f l igh t  i s  unusual in t ha t  i t  had fourteen ba l las t  d r o p s ,  with about half 

of these occurring a f t e r  ar r ival  in the vic ini ty  o f  f l o a t .  Consequently, 

both t h ~  theory and the f l i g h t  data exhibi t  a gentle increase i n  a l t i t ude  i n  

the l a s t  portion of the f l i g h t .  The discrepency i n  f l o a t  a l t i t ude  may be 

due t o  an er ror  i n  the ba l l a s t  history or the  assumed atmospheric prof i le .  

In addition, t h i s  f l  ight  was instrumented w i t h  a gas temperature thermistor. 

However, a s ingle  thermistor, based on other f l i g h t s ,  may not be representative 

of the average gas temperature. Consequently, temperature p rof i l es  a re  not 

shown since they are similar  i n  character t o  those previously discussed. In 

any event, t h e  resu l t s  on Figure 11 fndicate t ha t  the  present method can be 

successfu71y appl ied t o  large  ball oons. 

a Another f l i g h t  i n  the Heavy Load Test Program t h a t  i s  o f  i n t e r e s t  i s l l31P .  
3 This f l i g h t  occurred on 12 April 1979 and used a 1,174,000~1 balloon launched 

a t  sunset. While the  i n i t i a l  portion of t h i s  f l i g h t  appeared normal, the 

balloon catastrophically fa i l ed  upon arr ival  a t  f l o a t .  Consequently, i t  was 

decided t o  analyze t h i s  f l i g h t  i n  an attempt t o  determine if there was any- 

t h i n g  unusual about i t s  performance. 
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Figure 13 -- Pressure A l t i t u d e  Trajectories for F l i g h t  1131P 



Pressure trajectory resul ts  for  th i s  f l i gh t  are shown on Figure 12,  

and below the tropopause t h e  theory i s  acceptable considering that  i t  used 

a standard Pa1 estine spring atmosphere profile.  Above the tropopause, the 

theoretical trajectory appears t o  have the correct slope, and the final 

f loa t  a l t i tude agrees with the f l ight  data. However, there are  significant 

differences between the theoretical and actual results in both magnitude 

and character in the vicinity of the  tropopause. 

Subsequent study o f  the f l i g h t  records, which contained a limit-ed ambunt 

of a i r  thermistor data, revealed that  between about sixty and eighty-five 

minutes a f te r  launch the balloon encountered several temperature inversion 

layers. Within these layers a i r  temperature variations of 15  t o  25°C were 

rapidly encountered; and the  balloon velocjty varied considerably. In 

addition, the theoretical resul ts  predict for  th is  period gas temperatures 

of -92°C and average f i l m  temperatures below -83"C, which are significantly 

colder than those predicted fo r  other night f l igh ts .  Now the  cold b r i t t l e  

p o i n t  of polyethylene is about -80%. Since some parts of the film my have 

been colder than the average and since two 32.7 kg bal last  drops occurred 

during th is  period ( a t  58.2 and 68.7 minutes), there exis ts  the possibil i ty 

that the balloon film sustained damage, weakening, or even fa i lure  dur ing 

t h i s  period. 

I f  any fi7m failures d i d  occur near the tropopause, they should affect 

the subsequent trajectory. To investigate th is  possibil i ty,  resul ts  have 

been obtained wi th  the present methud using f o r  init-ial values the f l igh t  

conditiorts a t  82.25 minutes a f t e r  launch. The resultant profile,  as  well as 

the originaf ane and the f l i g h t  data, i s  shown on Figure 13. As can be seen, 

the  agreement i s  relatively good; a1 though there is  some djvergence a f t e r  

180 minutes, possibly due t o  atmospheric effects.  Thus ,  i t  appears from 



these resul ts  t h a t  the balloon did not experience shell fa i lure  while 

traversing the unusual inversion 1 ayers near the tropopause. 

Nevertheless, i t  i s  known t ha t  1131P underwent severe sail  ing and flapping 

during t he  dynamic launch period and tha t  there was evidence o f  possible 

manufacturing or pre-1 aunch hand1 i n g  film damage. When those f ac ts  are com- 

bined w i t h  t h e  possible existence o f  extremely ccld teniperatures and velocity 

variations near the tropopause, i t  appears l ikely tha t  the balloon film sus- 

ta ined significant and unusual weakening and straining prior to  arrival a t  

f loat .  Quite  possibly, these events led to  the  subsequent catastrophic fai lure .  

Obviously, the primary objective o f  the present program i s  to  develop a 

model and computer code capable o f  accurately analyzing the thermal and 

trajectory perfc~mance of a ball oon f7 ight.  On 24 July  198Q, engineering personnel 
3 o f  the Natfonal Scient i f ic  Balloon Facili ty f lew RAD IV. T h i s  66375m balloon, 

f l ight  n u h e r  167N, was launched dur ing  the daylight a t  about 11356DT, flew 

through sunset, and was terminated near sunris2 the next morning. I t  was 

probably tbe most extensively instrumented, from a thermal viewpoint, f! ight 

to  date. The balloon contained f i v e  gas thermistors suspended vertically 

along the centerline plus two other located 14 meters outboard on the equa- 

torial plane. In addition, i t  included ten film thermistors on the outside 

o f  the fi lm and two on the inside. 

Consequently, t h i s  f l i gh t  has been analyzed w i t h  t h e  present program 

using the  model, heat t ransfer  and d r a g  coefficients,  parameter correlations, 

e tc .  developed in the present research ef for t .  I t  i s  believed tha t  by com- 

paring these results with the f l igh t  data an idea o f  the validity and 

accuracy of the present method can be obtained. 

Figures 14(a) through 14(d) compare t h e  pressure trajectory predictions 

w i t h  the f l i gh t  data, and the agreement i s  generally excellent. I n  F ig .  14(a), 
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Figure 14(b) -- Pressure Alt i tude frajectary for  RAD IV 
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Figure 14(d) -- Pressure A1 titude Trajectory f o r  RAD I V  



the e f f e c t  o f  the balloon pass ing over high cirrus a t  170 minutes can be 

seen i n  the  onset o f  a gentle descent; and the model correctly predicts 

the trend o f  t h i s  effect .  

However, probably the most interesting o f  these p i ~ t s  i s  Fig, 14(c), 

which shows t he  trajectory during sunset. While not exact1 y accurate, the 

predii:&d trajectory has the correct behavior .  During the l a t t e r  por t ion 

o f  sunset, the descent velocity i s  q u i t e  high, reaching -137 mlmin, followed 

by an asymptotic decrease i n  descent rate during the night. A t  673 minutes, 

a 22.64 kg bal las t  d rop  was executed in order t o  stop the  descent. A t  th i s  

point, the descent velocity according to  the theoretical model was s t i l l  

-43 m/min. 

As can be seen cn F i g .  14(c-d), t h i s  ballasting d i d  stop the descent 

and result  in an essentially s tab le  f loa t  for the rest o f  the night in both 

the f 1  i g h t  and  theoretical cases, Interestingly, for  the  four hours fo7 lowing 

th i s  drop the actual balloon expkrienced a slow descent z i t s  i n i t i a l  r i se ,  

while the theory predicts a slow ascent on the order o f  5 m/min. 

A t  t h i s  poin t ,  i t  might  be pertinent t o  examine the val idi ty  o f  the  

( 2 )  we1 I establ i shed  formula . 
Descent Rate = (800 ft/min) ( "ball oon + m ) ( .3048m/ft) 

'ball oon pay1 oad 
(50) 

f o r  estimating descent ra te  due t o  sunset. For RAD IV, th is  f o r m u l a  yields 

-117.9 m/min. As mentioned, the present theory predicts values up t o  -137 mlrnin. 

fa l l ing  off to  -43 m/min a t  the b a l l a s t  drop. For the  entire descent, the 

t heo re t i ca l  average i s  -81.5 m/min. Thus, i t  appears that  E q .  (50) can be 

used to  estimate t he  order of magnitude o f  the descent velocity; b u t  i t  should 

be noted based upon b o t h  the theory and  the f l i g h t  data t ha t  the actual 

phenomena i s  exponential i n  behavior and not l inear.  



Figures 15(a) through 15(d) show temperature profile comparisons f o r  

RAD IV. Due t o  the fact t ha t  167N was launched remotely, complete accurate 

thermistor data was not obtained prior t o  about 80 minutes into the f l i gh t ;  

and the  plotted experimental data represents the average o f  a l l  per t inent  

thermistor readings, In general, the predicted temperatures are i n  accept- 

able agreement with the f l i gh t  dcta, particularly during the daytime f l o a t  

portion of t h e  f l i gh t ,  There, Fig.  15(b), the gas temperatures are accurately 

predicted; and t he  relationship between gas ,  ambient, and film values, with 

the gas highest and film coolest, i s  correctly reproduced. 

During sunset, Fig. 15(c),  and the subsequent period before the bal last  

drop,  the difference between the predicted gas and ambient temperdtares i s  

almost  constant. Intei.estingly, t h i s  result is dn agreement w i t h  the s t a t e -  

rcent o f  Ref. ( 2 )  that:  

"[based uponj temperature masurements, d u r i n g  the descent 
a f t e r  sunset, the balloon descends a t  such a ra te  t h a t  t h e  
superheat i s  maintained a t  essentially the same value i t  
had before descent began." 

A t  the ba l las t  drop, t h e  theoretical gas temperature drops sharply due 

t o  the sudden change from descent t o  ascent and the resultant adiabatic 

cooling. As a resul t ,  the subsequent temperatures are cooler t h a n  the 

f l i g h t  values. However, a t  the end o f  the f l igh t ,  Fig. 15(d), the agreemnt 

is excellent. 

While Figures 14 and 15 i nd i ca te  tha t  t he  present method i s  reasonably 

accurate, they do not demonstrate t h a t  i t  i s  an improvement over  previous 

models.4 Such models assume t h i i t  the l i f t i n g  gas i s  radiatively inactfve, 

and this situation can be duplicated i n  the present version simply by 

s e t t i n g  i and E equal t o  zero. Results fo r  such an assumption a re  shown 

f o r  RAD IV on Figures 16 and 17, and they should be the same as those which 

would be obtained using the method and code o f  Ref. (4 ) .  As can be seen 
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on F i g u r e  1 6 ( a ) ,  the r e s u l t a n t  p ressure  t r a j e c t o r y  is iir g w d  agreement with 

f l i g h t  da ta  up t o  t h e  t ropopause.  Above t h i s  a1 t i t u d e ,  however, t he  rad ia -  

t i v e l y  i n a c t i v e  model i s  i n  s e r i o u s  e r r o r  and s i g n i f i c a n t l y  mispred ic t s  t he  

t ime t o  f l o a t .  I n  add i t i on ,  a s  shown on Figure 16(b) ,  t h e  o l d  type o f  thermal 

model completely misses t h e  ac tua l  f l i g h t  behavior  during and a f t e r  sunse t ,  

This  absence o f  an a l t i t u d e  decrease i s  due t o  the f a c t  t h a t  the s a l a r  

absorp ta iv i ty  o f  polyethylene i s  very small and  t h a t ,  t hus ,  i t  i s  r e l a t i v e l y  

i n s e n s i t i v e  t o  t h e  presence o r  absence of sun1 i g h t  . 
Temperature p r c f i l e s  f o r  t h e  r ad i a t i ve1  y i n a c t i v e  ca se  a r e  portrayed on 

Figures 17 (a )  and 17(b),  a ~ d  they a l s o  show very poor agreement w i t h  t he  

f l i g h t  data .  During daytinie f l o a t ,  t h e  gas and f i l m  temperatures pred ic ted  

by t h i s  old approach are on t h e  o rde r  o f  20°C too co ld ,  and the v a r i a t i o n  during 

sunset i s  n o t  even c lo se  t o  t h e  ac tua l  behavior.  

Based upon comparison o f  Figs.  14(a , c )  w i t h  Figs.  16(a,b) and F igs ,  

15(a ,c )  with F igs .  17(a,b), i t  i s  obvious t h a t  the presen t  mode? i s  a  s i g n i -  

f i c a n t  improvement over previous formulat ions.  In add i t i on ,  based upon t he  

r e s u l t s  of t h i s  sec t ion  2nd i n  p a r t i c u l a r  those  fo r  RAD IV, i t  i s  bel ieved 

t h ~ t  the  p r e s e n t  method and code i s  a va l  i d  model f o r  h igh  a1 t i t u d e  bal loon 

f l i g h t .  I t  should,  with correct usage, y i e l d  accu ra t e  thermal and t r a j e c t o r y  

information s u i t a b l e  f o r  analyzing and p r e d i c t i n g  t h e  behavior of s c i e n t i f i c  

bal I oons. 

V I .  SUMWRY AND RECOMMENDATIONS 

I n i t i a l l y ,  t h i s  research program was formulated around t e n  tasks. In 

t h i s  s ec t i on ,  each task will be b r i e f l y  d i scussed  and an  i nd i ca t i on  made as  

t o  what  has and has not been accompfishcd. Subsequently, suggest iqns f o r  

f u t u r e  w o r k  in t h i s  a rea  w i l l  bc s t a t e d .  
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A.  Discursion of Project Tasks 

Task 1 - Acquisition of Balloor~ Film Radiative Property Data 

The radiative properties o f  polyethylene balloon film were, a t  the request 

of TAMU, measured by NASA Langley and the data sent to  TAMU, This data 

was subsequently analyzed and incorporated into the present model and 

program. The acquisition o f  this  information was very significant and served 

as a major contribution t o  the success o f  the present project. If new t :lms 

are developed for balloon use, they should also be measured in a similar 

manner, since correct radiative properties are essenti a1 for  accurate thermal 

predictions. 

Task 2 - Ball oon Model Thermal Development 

The equilibrium f loa t  thermal model , originally developed fo r  NSBF, was 

extended into a t i m e  dependent f o r m  as discussed i n  Section I I I (A)  This 

model was subsequently i n i t i a l l y  programmed into a p i lo t  code using a speci- 

f i e d  balloon trajectory. After a review o f  the possibi l i t ies ,  i t  was concluded 

t h a t  the most likely explanation f o r  the observed gas thermal behavior was 

w a t e r  vapor contamination, a1 though  there i s  no direct proof.  Consequently, 

the gas absorptivity was deduced from the equilibrium f loa t  model, and i t s  

emissivity was estimated from water vapor radiation theory. This approach i s  

discussed in Section III(B). 

The original objective was t o  develop a model capable o f  predicting 

temperatures within - +-1°K. While the present thermal model i s  theoretically 

capable of such accuracy by i t s e l f ,  input da t a ,  particularly earth-air IR 

and cloud effects are riot known sufficiently accurately t o  achieve t h i s  goal. 

Currently, i t  i s  be1 ieved t h a t  i n  typical appl icat iof i '  the present model 

i s  accurate w i t h i n  - +2"K, which i s  with in  the error band o f  current instrumenta- 

tion techniques. 



Task 3 - Trajectory Analysis/Prediction Program 

Originally, i t  was intended to u t i l i z e  the corputer ccde o f  Ref. 4 for  

the basic trajectory program and t o  incorporate into i t  a new thermal mdel.  

However, as experience was gained w i t h  t h i s  program, i t  became obvious that 

i t s  structure and organization were no t  user oriented or amenable t o  straight- 

forward adaptation. Consequently, i t  was abandoned; an3 a new code incor- 

porating the new thermal model was developed. 1 

Originally, i t  had also been planned t o  perform a systematic sensi t ivi ty  

study and t o  determine quantitatively the effect  of each major parameter and 

correlation on results. Due t o  unforeseen problems i n  the development o f  the 

trajectory code, t h i s  study was n o t  carried out  i n  the detail originally in- 

tended. However, studies were conducted t o  determine the most important para- 

meters and to  develop suitable values and correlations, This action was 

discussed i n  detail i n  Section 111. Briefly,  i t  was determined t h ~ t  drag 

coefficients strongly af fec t  t ra jector ies  be1 ow the tropopause, that the 

mass of gas strongly affects  performance above the tropopause, and that 

forced convection significantly a f fec t s  I arge volume ba1 loons. I n  a1 1 cases, 

i t  was found t h a t  the blackball temperature variation, which characterizes 

the earth-air infrared r a d i ~ t i o n ,  i s  very important. 

Task 4 - Flight Test Planning 

InitiaTly, i t  was proposed t h a t  rrul t ip1 e f1 ight tests be conducted by 

NASA Wall ops with the advice and assistance of  TAMU. These mu7 tip7e tests  

were n o t  actually flown fo r  several reasons. F i rs t ,  i t  was determined that  

there was a large amount of data already available i n  sufficient detail  t o  

sat isfy the  needs and time available of the present investigators. However, 

the present investigators d i d  discuss with and advise the National Scient i f ic  



Bal loon F a c i l i t y  Engineering Department on instrumentat ion and f f  i g h t  

p r o f i l e  requirements f o r  such fl ights. These discussions l ed  t o  the 

very successful RAD I V  engineering t e s t  f l i g h t .  The r e s u l t s  o f  t h i s  

f l i g h t  are discussed i n  Sect ion V.  

Task 5 - I n t e g r a t i o n  o f  Thermal ar;d Tra jec tory  Models 

This  task was acc~rnpl ished and led t o  t he  model discussed i n  Sect ion 

111 and the program described i n  Ref. (I}.  Typical  results were presented 

i n  Sect ion V. 

Task 6 - Pred ic t ion  of F l i g h t  Tes t  Results 

No f l i g h t s  were a c t u a l l y  p red ic ted  p r i o r  t o  f l i g h t  as p a r t  of t h i s  

e f f o r t .  However, f l i g h t  167N or RAD 1V was t rea ted  i n  t h i s  manner using t h e  

f u l  l y  developed code. I n i t i a l  p r e d i c t i o n  y i e t  ded good r e s u l t s  but  led t o  

the d iscovery o f  the importance o f  high cirrus clouds. When the l a t t e r  were 

i ncl  uded, the excel 1 en t  resul  t s  presented i n Sect ion V were obtained, 

Task 7 - Analysis o f  F l i g h t  Tests and Comparison w i t h  Prediction 

The f 1  i gh ts  o f  RAD I (913PT), RAD I11 (979PT), and 1116PT were p r i m a r i l y  

used f o r  t h i s  task. Comparison w f  t h  f l i g h t  data  led t o  s i g n i f i c a n t  irnprove- 

merits i n  i n p u t  spec i f i ca t i ons ,  drag c o e f f i c i e n t  co r re la t i ons ,  and heat trans- 

f e r  c o e f f i c i e n t  formulat ions. 

Tasks 8-9 - I n i t i a l  and F ina l  V e r i f i c a t i o n  

I n i t i a l  v e r i f i c a t i u n  was p r i m a r i l y  achieved i n  Task 7 and w i t h  studies 

of F l i g h t  1131 P. RAD iV o r  f l i g h t  167 N was used fo r  f i n a l  v e r i f i c a t i o n ;  

and a comparison o f  r e s u l t s  obtained us ing  the present  mode, as opp~sed  

t o  previous models, i n d i c a t e  t h a t  the prssent program i s  a  s i g n i f i c a n t  i m -  

provement. I t  i s  be l ieved tha t  accuracies ~f +ZUK and trajectories compatible 

w i t h  t h i s  va r i a t i on  a r e  possible w i th  t h e  present model/ 

Task 10 - F i n a l  Report and Program 

Th i s  report and Ref. (I.) constitute the accomplishments o f  this task. 
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0 .  Recommendatitrns f o r  Future Work 

Based upon the present study, e i g h t  areas requ i r ing f u r t h e r  i n v e s t i -  

gat ion have been determined. These suggestions are a; follows: 

(1) F l  i g h t  Data Comparisons 

Resul ts  obtained w i t h  the present method and code should be compared t o  

as much f l i g h t  data as possib le.  While there e x i s t s  data i n  a d a i t i o n  t o  t h a t  

described i n  t h i s  repor t ,  lack a f  t i m e  and i n s u f f i c i e n t  funds prevented i t s  

analys is  and inc lus ion ;  and much o f  i t on ly  conta in  t r a j e c t o r y  in format ion.  

Accurate and re1 i a b l e  temperature data, i nc lud ing  weather and ea r th -a i r  i n f r a r e d  

data,  i s  needed t o  determine t he  val i d i  t y  of the present method since the  

problem i s  p r i m a r i l y  temperature dominated. With only  t r a j e c t o r y  data, there 

always e x i s t s  the p o s s i b i l  i t y  o f  disagreement between theory and f l i g h t  with 

no i n d i c a t i o n  as t o  the cause. Consequently, several f l i g h t s  s i m i l a r  t o  

RAD I V  should be conducted and analyzed, and i f  poss ib le  these f l i g h t s  should 

obta in data over c l e a r  and overcast skies. In add i t ion ,  possib ly  i n  a  piggy- 

mode, some thermal  and t r a j e c t o r y  data should be obtained for* medium 

3 3 s i ze  ba l lo r~ns  i n  the 425,0001~1 t o  850,000m range, It i s  be1 ieved t h a t  such 

a cornpari son study w i l l  more accurate ly  determine t h e  appl icabil i t y  , strengths, 

and weaknesses o f  the present  model and determine s p e c i f i c ~ l l y  those types o f  

balloons and f l i g h t s  f o r  which i t i s  adequate. 

(2)  Deta i led  S e n s i t i v i t y  Studies 

While considerable e f f a r t  w s  expended i n  the  present i nves t i ga t i on  i n  

determining t h e  importance o f  var ious quant i t ies ,  i t  i: bel ieved :hat the 

overa l l  understanding o f  the  problem cou ld  be s i g n i f i c a n t l y  enhawed by a 

de ta i led  s e n r i  t i v i t y  study. I t  i s  suggested t h a t  a l l  i n p u t  parameter: and 

model c o r r ~ l a t i o n s  ( i  .e. heat  t rans fe r ,  drag, e tc .  ) each be sys temat ica l l y  

var ied by some f i x e d  amount, say 5 lo%, t o  determine the e f f e c t  on the over- 

a l l  so lu t i on .  In t h i s  ma,lner, the important var iables and c o r r e l a t i o n s  would 



be detected; and those requiring further study and definition could be deter- 

mined, 

( 3 )  Entrance into Float 

Examination of the present resul ts  indicates t h a t  there i s  frequantly 

s l ight  disagreement during the  approach and entrance t o  f loa t  betweon theory 

and flight data, While t h i s  discrepcxy could be due t o  the transit ion from 

f o r ced  t o  natural convection o r  to  h igh  al t i tude variations in the blackball 

profile, i t s  exact origin i s  unknown. T h ~ s ,  t h i s  area needs and requires 

further study. 

( 4 )  Three Dimensional Model 

The present model currently uses average tempera,ture fo r  the bal loon 

film and 1 i f t ing gas. i n  actual Sty, it i s  known that  these temperatures 

vary sl ightfy w i t h  position and sometimes lead t o  the formation o f  apparent 

convection cel'l s. Sometime i n  the future,  a three dimensional thermal model 

that allows such variations shculd be developed. Such a model would improve 

t h e  overall unders tanding o f  balloon thermal behavior and possibly lead t o  a 

better explanation o f  observed f l igh t  data. I t  i s  suggested that  i n i t i a l l y  

such a mdel assume t h a t  the l i f t i n g  gas i s  radiatively i nac t i ve .  

(5)  Contarni n a n t  Determination 

In the present study, i t  has been postulated that  the observed l i f t i n g  

gas behavior i s  due t o  the presince of a radiatively active contaminant. 

However, no direct proof of i t s  existence or exact determination of i t s  

nature and origin has been obtained. Thus, t h i s  passibif i t y  needs to  be 

further investigated. I t  i s  suggested t h a t  a gas sample be taken inside the 

b3lJoan during daylight f l o a t  conditions and returned for analysis. A mass 

spectroscopy analysis of t h i s  sample should reveal the existence of a con- 

taminant. 



( 6 )  Wind Tunnel and Analytical Drag Studies 

As discussed in Section II1(D), t h e  effective drag c o ~ f f i c i e n t s  of 

balloons appears t o  be different  from tha t  of  spheres; and l i t t l e  if any 

experimental data on balloon shapes exis t s ,  Thus, i t  i s  suggested t h a t  a 

combined experir?ntal and analytical program be carried out t o  determine the 

drag and flow characteristics o f  balloons. The experimental e f f o r t  should 

be wind tunnel tes t s  using models having r ea l i s t i c  balloon shapes and should  

be conducted a t  Reynolds numbers typical of those encountered in f l igh t .  The 

analytical por t ion  could u t i l  ize l n v l s c i d  axisymmetric numerical methods 

combined w i t h  a laminar-turbul ent boundayy layer scheme to properly include 

the effects of viscous 'nteraction and separation i n  an i te ra t ive  fashian. 

Such a combined analytical and experimental program has the potential o f  

providing r ea l i s t i c  aerodynamic coefficient and flowfield information. 

(7)  Earth-air Infrared Data 

The present study has revealed t h ~ t  balloon performance i s  quite sensi- 

t ive to  infrared radiation, as  characterized by the blackball temperature. 

I t  i s  suggested t h a t  f l  ight data be obtained and subsequently analyzed t o  

more accurately determine tne correlation between blackball  temperature and 

weather, time o f  year, cloud types, and ground cover. In addition, since 

blackball measurements cannot currently be conducted d u r i n g  the day1 ight 

portions o f  a f l igh t ,  a correlation between blackball and net radiometer 

d a t a  needs to  be obtained fo r  both day and night condition. 

(8) Ballasting Studies 

Finally, the ,)resent method and code o f f e r s  an excellent vehicle f o r  

studying the e f f e c t s  of ballasting on ha71oon f f i g h t .  Frequently, i n  the 

present study, the e f f e c t s  ~f ballasting were observed t o  range frorn s igni f i -  

cant t o  inconsequential. Thus, a systematic study o f  ballasting effects  on 



bal loon behavior  would be d e s i r a b l e .  In p a r t i c u l a r ,  i t  w o u l d  be d e s i r a b l e  t o  

c o n f i g u r e  the p r e s e n t  code i n t o  a form which would d,etermine t h e  b a l l a s t i n g  

schedule r e q u i r e d  f o r  a spec i f i c  ba l loon  performance.  In  a d d i t i o n ,  both 

the p r e s e n t  and reconf igured  code,  shou'td be used t o  determine optimum 

b a ? l a s t i n g  procedures  f o r  such e v e n t s  as s u n s e t ,  etc, 

VI I.  CONCLUSION 

I t  i s  believed t h a t  the p r e s e n t  project has y i e l d e d  a t h e o r e t i c a l  model 

a n d  computer program t h a t  w i  11 permi t  better p red i  c t i  ons o f  ba7 1 oon tempera- 

tures and t r a j e c t o r i e s  and which will l e a d  t o  a betZer unders tand ing  o f  

o v e r a l l  balloon behav io r .  Such p r e d i c t i o n s  and a n a l y s e s  can be used t o  

provide  b e t t e r  input data f o r  advanced s t r u c t u r a l  a n a l y s i s  methods and f o r  

studies o f  ba l l  a s t  management and ball  oon p e r f o r r a n c e  opt imi  z a t i o n .  
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